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Thank  you,  Colonol  Hawkins.  It  la  Indeed  •  pleasure  to  speak  to  you  today, 
the  first  true  conference  devoted  exclusively  to  Expandable  Structures.  However, 
a a  you  can  see  from  our  Agenda  for  the  next  three  days.  Expandable  Structures 
are  anything  but  exclusive,  being  quite  all-inclusive  In  their  application.  That 
there  i3  a  broad  spectrum  of  application  la  evidenced  by  the  fact  that  four  of 
our  seven  Research  and  Technology  Laboratories  are  engaged  in  various  phases  of 
research  and  development  in  this  area.  The  Propulsion  end  Flight  Dynamics 
Laboratories,  which  are  co-sponsoring  this  symposium  in  cooperation  with  National 
Cosh  Register  as  well  as  The  Avionics  Laboratory  have  been  and  are  devoting 
extensive  effort  to  specific  applications,  while  the  Materials  Laboratory  ia 
providing  the  basic  know-how  in  expansion,  rlgldizing,  and  fabrication  technique*. 

Expandable  Structures  have  been  with  us  for  quite  a  long  time,  so  long 
perhaps  that  acme  people  iiay  wonder  why  we  need  to  hold  a  symposium  on  tha 
subject.  Anyone  who  has  used  an  umbrella,  a  bellows  caamra,  a  parachute  or  a 
pneumatic  life  jacket  haa  been  exposed  to  expandable  structures  of  an  everyday 
variety.  It  has  been  the  advent  of  airborne  and  epace  operations,  however, 
wh.ch  has  brought  a  sense  of  urgency  and  discrete  focus  on  the  subject,  and 
whiih  Justifies  a  symposium  such  as  this  one.  The  national  ioportance  of  this 
meeting  is  very  a  'arent  because  not  only  are  there  Air  Force  papers  and  saaslon 
chairmen,  but  also  session  chairmen  end  papers  from  the  Amy.  NASA,  industries 
and  universities. 

The  principal  impetus  for  accelerated  efforts  on  expendables  is  related 
directly  to  the  coat  and  penalties  of  transporting  large,  bulky,  and  heavy 
structures  around  end  about  the  earth  as  wall  as  into  ar*c*.  Although  air¬ 
craft,  aerospace  vehicles,  and  boosters  are  constantly  being  increased  In 
peyload  capacity.  It  la  still  impossible  to  transport  large  volume  structures 
in  one  place.  Consequently,  these  etr-cturee  must  be  assembled  at  their  final 
destination,  resulting  in  a  great  loss  in  mission  efficiency. 

Expandable  structures  afford  the  structural  designer  the  opportunity  of 
sending  to  the  site  a  one  piece  packaged  structure  which  can  be  erected  and 
made  operational  in  a  minimum  of  time.  Because  of  this,  the  resulting  Research 
and  Development  programs  have  been  pursued  by  practically  every  governmental 
and  lnduetrial  agency  having  a  research  and  development  responsibility  or 
capability,  and  s  tremendous  variety  of  applications  and  state-of-the-art 
breakthroughs  have  resulted. 

In  Hey  1961,  The  House  of  Representatives*  Coanittee  on  Science  and 
Astronautics  conducted  e  hearing  on  inflatable  structures  in  apse*  and  because 
of  the  evident  broad  spectrum  of  applications.  Issued  a  request  that,  and  I 
quota  ’The  Coanittee  would  like  assurance  from  the  National  Aeronautics  and 
Specs  Administration  and  the  Department  of  Defense  that  coordination  of  work 
in  Expendable  Structures  la  not  being  overlooked  simply  because  tha  programs 
are  so  varied  and  eo  scattered*.  1  believe  that,  in  a  very  real  Sanaa,  this 
symposium  today  demonstrates  that  such  coordination  ia  being  affected,  and 
that  views  and  ideas  are  being  freely  exchanged. 
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:So,  in  getting  down  to  the  purpose  of  the  conference,  the  principal 
objectives  may  be  stated  aa  being) 

To  present  technical  contributions  sunnerlelng  the  status  of  current 
Research  mid  Development  in  Expandable  Structures.... 

To  encourage  the  undertaking  of  new  research  in  expandable  structures i- 

To  discuss  potential  epplicationa  end 

To  provide  a  forum  of  authorities  to  critique  current  research,  and 
propose  new  research  and  applications  for  expandable  structures . 

The  term  'Expandable  Structures*  has  unusually  breed  connotations,  aa  you 
all  know.  It  encompaaaea,  in  its  most  general  meaning,  any  structures  which 
change  their  geometry  by  expanding  or  unfolding  t,o  permit  the  performance  of 
a  task.  Generally  speaking  they  can  be  claaeifiad  by  their  method  of  expansion 
und  stabilize) ion  into  three  classes » 

Inflated,  preMure-stebilized  structures! 

Inflated,  rlgidized  structures  as  by  the  use  of  foems  or  coatings 
which  become  rigid  and 

Mechanically  expanded,  framework  stabilized  structures. 

All  o;  these  types  will  be  discussed  during  this  symposium.  As  far  aa  the 
Air  Force  is  concerned,  the  application  of  expandable  structures  falls  into 
four  general  categories. 

Fi  ->t  and  probably  the  most  simple  a;-e  the  popularly  known  large  shapes 
w  ich  ,  expends),  in  place  on  earth  or  In  apace  and  remain  there.  These 
lncluue  items  such  asi 

Shelters  or  space  'stations*! 

Life  raft  vehicles) 

Decoy  devices,  and 

CoBinuriicationa  and  reflecting  satellites 

A  most  promising  investigation  that  fits  this  category  is  presently  being 
conducted  by  the  Air  Force  Flight  Dynamics  Laboratory  and  the  Materials 
Laboratory.  They  ere  studying  a  telescoping  configuration  that  could  be 
used  for  a  apace  station.  It  would  have  the  advantage  of  multi-well 
construction  with  a  connect  configuration  for  launch.  As  an  expanded 
structure,  it  would  have  predictable  structural  integrity  that  would 
contribute  to  reliability  and  safety  in  space  operations. 
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The  second  category  would  be  shapes  which  are  expanded  in  space  or  upper 
atmosphere  and  later  re-enter.  These  might  include: 

Mission  ven idea; 

Emergency  escape  vehicles; 

Rigid  vehicle  configurations  which  are  expended  to  achieve  variable 
geometry ; 

Decelerators,  end 

Booster  end  crew  recovery  devices. 

In  this  category  falls  such  devices  as  the  Rogallo  Kite  and  the  inflatable 
paraglider  which  the  Air  Force  Flight  Dynamics  Laboratory  and  the  Mater isle 
laboratory  are  investigating  as  a  concept  for  en  emergency  escape  vehicle. 

It  is  envisaged  that  this  emergency  paraglider  will  have  a  rigid  boom  for  a 
central  keel  that  will  house  the  crew  and  be  Inflated  for  flight  after 
separation  by  internally  stored  high  pressure  gas. 

The  third  category  would  then  include  the  smaller  shapes  which  would  be 
components  of  mission  vehicles.  These  might  include: 

Camera  or  telescope  structures; 

Antennae,  collectors,  and  mirrors; 

Bumpers  or  shock  absorbing  ce vices,  end 

Couplings,  as  between  vehicles  or  components 

An  example  of  one  of  the  a!;  Force’s  advanced  development  programs  which 
includes  expandable  structures  work  in  this  third  category  is  the  Advanced 
Solar  Turbo-Electric  Concept.  It  ia  generally;  referred  to  by  the  acronym 
ASTEC.  and  ia  managed  by  the  Air  force  Aero  Propulsion  Laboratory.  This 
program  will  place  into  orbit  a  forty-four  and  one-half  foot  diameter  Solar 
Energy  Collector  with  dynamic  energy  conversion  equipment.  This  unit  will  be 
designed  to  produce  fifteen  tc  twenty-five  kilowatts  of  electric  power  on  a 
continuous  basis  with  at  least  a  one  year  operating  life.  The  Solar  Collector 
will  be  an  expandable  rigidized  structure  weighing  about  two  tenths  of  a 
pound  per  square  foot  of  area.  This  is  much  leas  than  any  conventional  rigid 
metal  collector,  end  provides  a  much  more  compact  launch  configuration. 

The  final  category  of  applications  is  that  oi  ground-based  facilities  or 
devices,  primarily  shelters  end  antennae.  The  Propulsion  Laboratory  project 
on  functional  shelters  fc.r  aerospace  and  limited  war  fells  in  this  category. 

Tnis  program  will  give  tne  Air  Force  a  capability  for  rapidly  and  efficiently 
providing  personnel  and  systems  shelters  at  limited  «ar  sites,  aerospace  sites 
and  in  the  future,  extraterrestrial  sites.  Concepts  which  are  being  investigated 
for  these  purposes  include  air  supported,  fceoed-in-place,  and  expandable  core 
structures,  We  have  to  dote  successfully  rigidized  shelters  of  seven  feet  in 
diameter  under  terrestrial  and  apatiel  conditions.  This  next  summer  a  twenty-six 
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bj  thirty  foot  expandable  shelter  will  be  rigidlzed  under  simulated  limited  war 
conditions. 

As  we  proceed  with  this  symposium  through  the  next  few  days,  many  more 
examples  of  expandable  structures  application  will  be  illustrated  which  will  fell 
into  one  or  more  of  the  categories  I  have  mentioned  and  without  a  doubt  will  give 
us  an  insight  into  the  solution  of  many  problems. 

However,  a  word  of  oautior.  We  must  be  careful  not  to  get  carried  away  with 
an  expandable  structure  approach  to  every  problem.  It  should  not  be  a  purpose  of 
this  conference  to  indiscriminately  offer  en  expandable  structure  solution  to  all 
future  aerospace  structure  end  logistic  problems.  I  believe  that  this  conference 
should  and  will  indicate  that  the  expandable  structure  is  one  of  the  very  useful 
tools  available  to  aerospace  system  developers. 

Technology  in  the  expandable  structures  area  has  been  growing  at  a  rapid  rate 
and  designers  have  recognized  many  potential  applications.  Because  of  physical, 
mcchanicel  and  propulsive  limitations,  expandable  structures  can  alleviate  many 
of  our  transportation  and  logistic  problems  in  terrestrial  and  apace  operations. 

Development  effort  within  the  Air  force  on  the  different  categories  of 
application  is  carried  on  under  several  program  elements.  The  bealc  inflation 
and  rigidlzing  techniques  fall  quite  naturally  into  our  Exploratory  Development, 
or  what  used  to  be  called  Applied  Research.  Program.  Discrete  component  appll- 
cations  also  tend  to  be  limited  to  the  Exploratory  Development  Program  level  of 
activity,  but  sometimes  find  their  way  into  the  system  and  advanced  development 
efforts  under  the  sponsorship  of  the  primary  systems  cr  subsystem  which  requires 
the  expandable  component .  The  ASTEC  Solar  Collector  is  an  example  of  this. 

Applications  where  expandebles  are  the  primary  structure  can  exist  in  any 
of  several  development  levels,  from  Exploratory  Development,  through  Advanced 
Development,  to  Systems  Development,  depending  on  the  magnitude  of  effort 
necessary  to  satisfy  requirement.  A  space  station,  for  example,  would  require 
systems  type  resources  support,  but  such  items  as  shelters,  antennae,  and 
parachutes,  which  involve  relatively  small  development  effort,  can  remain  at 
the  exploratory  level  until  required  for  specific  application.  We  tend 
towards  keeping  expandable  structure  research  and  development  effort  at  the 
Exploratory  Development  level  until  a  discrete  application  requirement  la 
apparent,  anc  then  incorporate  the  expandable  solution  into  the  development 
program  of  the  specific  application. 

In  conclusion,  I  would  like  to  leave  you  with  a  little  story  about  the 
executive  of  a  firm  that  may  be  represented  here  today.  He  was  extremely 
concerned  about  the  company's  future, -particularly  aa  it  related  to  expand¬ 
able  structures  work  which  was  a  sizeable  part  of  the  corporation's  business, 
and  things  weren't  going  too  well,  now,  being  not  only  concerned,  but  also 
being  a  somewhat  superstitious  fellow,  this  executive  decided  to  utilize  the 
services  of  a  traveling  clairvoyant  Who  happened  to  be  operating  nearby.  Ha 
sought  out  this  fortune  teller,  and  proceeded  to  pour  out  his  soul  to  thia 
bearded  and  turbaned  soothsayer.  Upon  receiving  appropriate  remuneration 
for  his  oervices  in  advance,  the  fakir  gazed  long  ano  mysteriously  into 
his  crystal  ball.  After  a  seemingly  endless  period  of  time,  ha  raised  his 
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head  and  asked,  *Did  you  say  your  products  eons  times  depend  on  inflationary 
techniques?*  *Yee,  yes*,  was  the  eager  reply,  Hie  fortune  teller  went  on, 

•And  did  you  not  also  say  that  these  products  were  expendable?*  *0f  couraal* 
the  executive  replied  impatiently.  *well,*  exclaimed  the  prophet  triumphantly, 

•you  have  nothing  to  worry  about,  I  see  this  day  a  tax  bill  being  debated  in 
the  Congress.  There  are  heated  views  being  expressed  by  opposing  sides.  But, 
no  matter,  you  cannot  lose,  for  one  side  says  it  is  bound  to  lead  to  inflation, 
while  the  other  maintains  that  expansion  will  be  the  end  result.  There  should 
be  nothing  but  success  for  your  congisny,* 

Obviously  (ladies  end)  gentlemen,  this  anecdote  reflects  a  gross  misunderstand¬ 
ing  of  our  subject  matter  for  today,  which  is  in  fact  quite  often  the  caee.  However, 
I  hope  that  this  sympoalua  by  focusing  the  spotlight  on  discrete  applications  end 
techniques,  will  help  show  the  way  to  the  affective  and  efficient  utilization  of 
expandable  techniques. 
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ABS'i’RACT 


The  interdependence  of  structural  concepts,  materials,  and  the 
human  factor  in  the  design  of  expandable  spacecraft  are  reviewed.  A 
wide  range  of  non-rigid  and  semi-rigid  concepts,  either  under  development 
or  recently  conceived,  are  discussed  with  emphasis  on  mission  requirements 
and  booster  capability.  The  merits  of  the  related  composite  wall  cross 
sections  for  these  configurations  are  considered  in  detail.  Specific 
topics  covered  are  those  of  the  geometrical  aspects  of  packaging  and 
deploying  of  expandable  concepts,  meteoroid  penetration  resistance, 
thermal  control,  attenuation  of  penetrating  radiation,  and  structural 
cf  £ic<ency.. 
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THE  SHAPE  OF  THINGS  TO  COME  IN  EXPANDABLE  SPACEUtAFl 


By  D.;  G.  Younger 


INTRODUCTION 

In  the  specialized  field  of  spacecraft  structures  ther'-  is  no  area  of 
design  more  exciting  than  that  of  expandable  structures.  It  is  a  new  area 
that  has  already  demonstrated  its  ability  to  trigger  the  imagination  arid 
challenge  the  impossible.  At  this  early  date,  we  find  that  visions  of  erec¬ 
ting  large  satellite  islands  or  space  stations  have  become  comnonpiace,  and 
new  concepts  and  approaches  are  now  being  introduced  more  rapidly  than  they 
can  be  evaluated.  In  fact,  for  many  missions  in  space,  technical  illustra¬ 
tors  and  aitists  have  moved  far  ahead  of  engineering,  and  there  is  little 
doubt  that  tiiese  people  will  have  a  strong  influence  on  the  shape  of  things 
to  come  in  expandable  concepts.  Nevertheless,  we  must  not  lose  sight  of 
the  fact  that  both  the  feasibility  and  the  merits  at  any  such  clever  concept, 
during  this  decade,  strongly  depend  on  the  present  state  of  the  art  and  the 
predict  ible  technological  developments  that  will  accrue  over  this  period  of 
time.  ,he  justification  of  employing  expandable  structures  in  space  will 
depend  heavily  on  our  ability  to  establish  meaningful  guide  lines  for  de¬ 
velopment,  the  flexibility  we  exercise  in  applying  new  knowledge,  and  the 
attention  we  give  to  areas  where  the  inadequacy  of  technology  will  require 
intensive  and  continuous  research. 

The  primary  advantage  gained  by  the  use  of  expandable  structures  stems 
from  the  fact  that  large  structures  or  elements  of  structure  can  be  col¬ 
lapsed  and  packaged  into  compact  volumes  for  the  boost  phase.  The  compact 
volume  is  desirable  not  only  from  the  point  of  view  of  the  aerodynamics  and 
control  of  the  launch  vehicle,  but  also  with  respect  to  the  performance  of 
the  critical  procedures  of  abort  of  manned-craft  during  boost. 

Once  the  boost  phase  has  been  completed  and  the  packaged  structure  ar¬ 
rives  iu  orbit,  the  volume  or  shape  of  the  structure  can  be  Increased  or 
changed  by  any  of  a  number  of  schemes  of  unfolding,  telescoping,  or  purely- 
inflating  of  components.;  iuch  structures  are  now  being  developed  for  un¬ 
manned  space  application  in  the  form  of  reflectors,  solar  collectors,  sci¬ 
entific  equipment  packages,  and  re-entry  structures.  Applications  to  manned 
spacecraft,  however,  are  an  order  of  magnitude  more  complex  and,  therefore, 
are  chronologically  further  down  stream.  Nevertheless,  many  government  and 
industrial  laboratories  have  been  looking,  far  ahead  and,  as  a  result,  have 
become  deeply  involved  in  :he  many  materials  and  structural  problems  attend¬ 
ant  to  the  more  promising  concepts.  These  include  lunar  housing,  re-entry 
vehicles,  zero-gravity  (non-rotating)  spacecraft,  and  the  extremely  large, 
rotating,  space-stations. 
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For  the  manned  operational  mission,  the  expandable  space  structure  has 
a  number  of  requirements  imposed  on  it  which  changes  its  character  consider¬ 
ably  from  that  of  merely  a  shape-changing  and  load-carrying  configuration. 
That  is,  the  manned  expandable  modules  must  be  compatible  with  the  con¬ 
straints  imposed  by  the  human  requirements  relating  to  internal  thermal  con¬ 
trol,  shielding  against  meteoroids  and  penetrating  radiation,  hermetic  in¬ 
tegrity,  and,  In  the  case  of  re-entry  vehicles,  the  isolation  of  man  from 
structural  heating.. 

In  the  following  sections  of  this  general  review,  the  problems  attend¬ 
ant  to  the  manned  expandable  spacecraft  will  receive  emphasis;  however,  in 
many  instances  results  or  conclusions  will  be  found  npHcable  to  the  un¬ 
manned  structures  as  well.  Topics  to  be  discussed  will  include  payload 
capabilities,  structural  configurations,  the  environment,  and  materials  se¬ 
lection..  The  structural  configurations  presented  include  those  basically 
classified  as  inflatable  (flexible)  structures,  unfurling  (or  unfolding) 
panel  structures,  and  rigid-module,  deployable  structures. 


MISSION  PARAMETERS  AND  PAYLOAD  CAPABILITIES 
MISSION  REQUIREMENTS 

The  structural  design  of  a  spacecraft,  whether  expandable  or  rigid,  must 
begin  with  a  specification  of  tii«  mission,  crew  size,  requirements  tor  logis¬ 
tic  support,  and  a  reasonable  understanding  of  the  Induced  and  natural  en¬ 
vironments  to  which  the  structure  will  be  subjected.-  Missions  of  prolonged 
duration,  for  example,  would  obviously  introduce  many  problems  relating  to 
cumulative  damage  of  materials  and  components  as  well  as  human  factor  prob¬ 
lems  associated  with  weightlessness,  tissue-damaging  radiation,  meteoroid 
penetration,  and  possibly  the  need  for  ecological  systems  and/or  logistic 
support.  ill  of  these  considerations  could  be  expected  to  drastically  in¬ 
fluence  the  complexity  and,  therefore,  the  related  merit j  of  a  structural 
concept .: 

The  number  of  crew  members  and  their  assigned  duties  will  greatly  influ¬ 
ence  the  structural  requirements.  The  degree  to  which  man  will  be  required 
to  maintain  and  service  (internally  and  externally)  the  spacecraft  and  to 
initiate  measures  for  his  survival  will  directly  affect  the  reliability  cri¬ 
terion  employed  in  configuration  development  In  addition,  mission  require¬ 
ments  calling  for  rendezvous  with  other  spacecraft  for  purposes  of  crew 
exchange  or  re-supply  will  introduce  structural  complexities  necessitated 
by  the  mechanical  problems  of  docking,  latching,  and  sealing,  and  the  dy¬ 
namic  problems  associated  with  docking  impulses.. 

A  large  space  station  in  a  fixed  orbit  would  be  ideal  as  an  astronaut 
training  and  rehabilitation  center,  observation  post,  or  supply  depot.  Such 
a  craft  would  probably  be  a  gravity- induced  vehicle  of  large  diameter  (say 
100  foot  diameter),  and  due  to  its  large  size,  would  be  constructed  as 
either  an  expandable  concept  or  as  an  erected-ln-space  concept  (or  possibly 
as  a  combination  of  the  two).  For  laige  structures  such  as  this,  the  merits 
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of  the  expanuable  concept  against  that  of  the  erected- in-space  concept  would 
depend  strongly  on  the  mission  definition  and  the  space  logistics  to  be  fa¬ 
cilitated.  During  the  past  several  years,  Goodyear  Aircraft  Company,  North 
American  Aviation,  Inc.,  Lockheed  Aircraft  Corp. ,  and  others,  have  studied 
the  space  station  concept  very  carefully,  but,  as  yet,  it  is  not  clear  to 
what  extent  a  variety  of  missions  will  affect  the  merits  of  any  one  struc¬ 
tural  concept.  Some  of  the  . ypical  space  missions  that  may  be  ascribed  in 
the  next  decade  Li>  either  the  space  station  or  the  zero-gravity  "ehlcle  have 
been  summarized  in  Table  1., 


TABLE  1 

i  Yp IS  AL  MISSIjNS  FOR  EXPANDABLE  SPACECRAFT 


SCIENTIFIC  LABORATORY 

Scientific  Research 
Space  Medicine 
Bio-Astronautics 
Space  Physics 

Technological  Development 
Mater lalf  and  Structure 
Components  and  Subsystem 
Shielding  Techniques 

Launching  Scientific  Probes 
SPACE  TERMINAL 

Lunar  and  Planetary  Missions 
Initiated  and  Terminated 
(Manne-*  and  Unmanned) 

Supply  Depot  Moon  Base 

Refueling  Station 


CONSTRUCTION  DEPOT 

Assembly  and/or  Expansion  of 
Existing  Lab 

Assembly  and  Repair  of  Spacecraft 

COMMERC IAL  APPLICATIONS 
Communications  Center 
Meteorological  Station 
Navigation  Aids 

MILITARY  STATION 
Reconnaissance 
Observation  Post 
Command  and  Control  Center 
Surveillance 

TRAINING  STATION 

Conditioning  and  Rehabilitation 
of  Space  Crews 


EXPANDABLE  PAYLOADS  AND  BOOSTER  CAPABILITY 

During  the  next  several  years,  booster  performance  and  the  related  pay- 
load  capability  will  limit  the  size  and  weight  of  the  payload  packages  thai 
may  be  propelled  into  orbit.  Furthermore,  during  the  next  few  years  when 
such  payload  capabilities  are  lowest,  the  uncertainties  in  the  space  en¬ 
vironment  and  its  effects  will  dictate  overweight  (conservative)  designs. 
Thus,  ambitious  programs  utilizing  large  spacecraft,  new  materials,  and  new 
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design  can  be  expected  to  attract  favor  rather  slowly.-  The  immediate  trend 
in  expandable  structures  will  be  to  utilize  the  proved  methods  of  fabrica¬ 
tion  and  the  predictable  response  afforded  by  rigid  module  construction. 
Furthermore,  it  will  be  important  to  reduce,  wherever  possible,  the  complex¬ 
ity  of  the  mechanics  for  expanding  the  structures.  That  is,  the  semi-rigid 
expandable  structures  which  utilize  telescoping  schemes  or  simple  rotation 
of  rigid  modules  can  be  expected  to  be  the  earliest  of  the  can-proved  ex¬ 
pandable  spacecraft.. 

Since  booster  capability  plays  such  an  important  role  in  the  evolution 
of  expandable  manned  spacecraft,  information  has  been  gathered  or  weights 
of  payloads  that  can  be  placed  into  a  near-earth  orbit  using  the  booster 
systems  contemplated  during  the  next  several  years.  This  information  is 
shown  in  Figure  1.  Superimposed  on  Lhis  Figure  are  several  unmanned  ex- 
p  U’dable  structures  represeutati' c  of  present  day  applications  and  a  number 
of  the  more  sophisticated  concepts  • nat  show  future  promise  as  manned  ve¬ 
hicles  or  booster  recovery  systems..  These  vehicles  will  be  discussed  in 
more  detail  in  a  later  section. 

Briefly,  the  structures  depicted  on  this  graph  are  as  follows.  The 
lower-most  is  that  of  the  Echo  series  of  Satelloons  which  are  now  famous 
for  being  the  first  of  the  inflatables  to  arrive  in  space.  Next,  is  a  sketch 
indicating  the  Ranger  vehicle  which  is  representative  of  the  numerous  scien¬ 
tific  experiments  that  use  expandable  construction  in  the  form  of  unfolding 
panels  tor  deploying  solar-cell  arrays  into  their  most  efficient  orientation. 
Then  coire  the  solar  collector  schemes.  A  number  of  the  expandable  types  of 
solar  collectors  are  now  in  their  final  phases  of  development.  These  solar 
power  units  are  principally  of  three  types:  (1)  the  sunflower  petal-type 
having  foldable  petal-like  panels  which  mechanically  deplov  and  .  ck  into 
place;  (2)  the  umbrella  type  constructed  of  slender  tubula.  ribs  attached 
to  a  continuous  reflective  membrane  and  deployed  by  the  familiar  opening 
movements  of  the  umbrella;  and  (3)  the  inflated,  foam-in-place,  and  foam- 
rigidized  type  of  solar  concentrator. 

The  inflatable  paraglider  using  the  Rogallo  wing  concept  is  shown  in 
the  next  sketch  on  Figure  l.  In  general,  this  re-entry  configuration  con¬ 
sists  of  a  high-strength  flexible  liftir  surface  with  a  leading  edge  of 
rigid  or  inflatable  tube  construction.  Ail  concepts  shown  beyond  that  of 
the  paragl  der  are  vehicles  for  manned  occupancy  with  the  possible  c-rep- 
tion  of  the  inflatable,  booster  recovery  sy:  tii  shown  at  the  upper-third 
of  the  Figure.-  This  recovery  system  has  been  propo,  ad  for  both  cargo  and 
manned  capsule  recovery. 

The  first  series  of  manned  expandable  structures  shown  in  Figure  1 
are  trainer-type  spacecraft  using  the  Gemini  capsule  in  conjunction  with  a 
semi-rigid  telescoping  module.  The  lower-most  trainer  depicts  the  first 
mission  in  which  a  simple-type  expandable  module  is  checked  out.  In  this 
exercise,  an  astronaut  may  leave  the  confines  of  the  re-entry  capsule  and 
enter  the  attached  module  to  perform  in-orbit  evaluations  of  both  the  me¬ 
chanics  of  the  expansion  process  and  the  integrity  of  the  related  seals. 

The  next  class  of  trainer  spacecraft  depicted  in  the  Figure  shows  a  more 
complex  expandable  structure  being  employed  In  a  rendezvous  and  docking 
exercise. 


o 

-I 


a 

* 


BOOSTER 

%  ,  RECOVERY 

\y  (DOUGLAS) 

SPACE  WHEEL  (GOOOYEAR> 


69 


R0230Q 


FIGURE  1.  PAYLOAD  CAPABILITY  -  300-MILE  ORBIT 
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The  manned  re-entry  glider  of  the  inflatable  Dyna  Soar  type  Is  shown 
in  the  next  sketch.-  Inflatable  vehicles  of  this  type  are  under  current 
study  by  Goodyear  using  the  Alrmat  principal  of  construction.  Airmat  enables 
inflation  into  shapes  other  than  that  of  bodies  of  revolution.  The  next 
three  spacecraft  fall  into  the  self-erecting,  manned  space-station  category. 
The  two  at  left  side  of  the  Figure  are  of  semi-rigid  construction,  and  the 
Goodyear  space  station  on  the  right  side  uses  either  flexible  single-wall  or 
Airmat  construction. 

Shown  above  the  Goodyear  space-wheel  is  the  Douglas  proposed  booster  re¬ 
covery  system  which  can  be  either  manned  or  unmanned  during  recovery.  Brief¬ 
ly,  this  system  consists  of  a  tremendously  large  drag  cone  for  recovery  of 
the  expensive  advanced  Saturn  or  Nova  boosters. 

The  final  two  manned  spacecraft  shewn  in  Figure  1  are  those  of  assembled- 
in-space  concepts.  For  these  very  large  and  massive  vehicles,  prefabricated 
modules  are  proposed  to  be  individually  boosted  into  orbit  and  assembled.  The 
fewer  of  the  two  concepts  shows  Lockheed's  modular  space  station  which  may  al¬ 
so  Incorporate  intermediate  elements  of  expandable  construction.  The  upper¬ 
most  concept  is  typical  of  that  now  being  proposed  for  initiating  interplan¬ 
etary  missions.  As  indicated  in  this  final  sketch,  the  major  assembly  of 
such  a  vehicle  Is  that  -  .  tankage  clusters  needed  to  store  cryogenic  fluids 
dictated  by  the  propulsion  svstem. 

The  several  structural  configurations  displayed  on  Figure  1  are  only  a 
few  of  the  many  concepts  that  are  now  being  proposed  for  missions  in  space. 
Nevertheless,  the  wide  spread  of  concepts  shown  are  adequate  for  the  general 
discussions  that  will  lollow  concerning  typical  designs  and  the  related  cri¬ 
teria  for  materials  selection.  It  should  be  noted  that  the  positioning  of 
the  concepts  with  respect  to  the  time-scale  indicates  no  more  than  payload 
capability  and  are  not  accurate  estimates  of  the  time  for  the  first  flight 
of  these  spacecraft. 


PACKAGING  EFFICIENCY 

Packaging  of  an  expandable  structure  is  of  major  importance  in  the  eval¬ 
uation  of  a  concept.  Not  only  must  such  a  structure  meet  the  mission  require¬ 
ments,  but  it  must  also  be  capable  of  being  collapsed  and  packaged,  without 
damage,  into  a  compact,  efficient,  boost  envelope.  Thus,  there  is  a  strong 
interaction  between  the  structural  complexity  introduced  by  the  mission  re¬ 
quirements  and  the  packaging  technique.  The  packaging  schemes  tor  non-rigid, 
inflatable  structures  involve,  in  most  instances,  a  trial  and  error  process 
In  which  the  principles  of  engineering  have  little  application.  It  should 
be  mentioned,  however,  at  this  point  that  considerable  effort  is  being  ex¬ 
pended  at  Astro  Research  Corporation*  in  ti.u  study  of  theoretical  folding 
patterns  for  the  more  Idealized  membrane  structures.  Semi-rigid  structures, 
on  the  other  hand,  arc  packaged  according  to  the  nature  of  the  sectioning 
of  the  structure  which,  in  turn,  is  dependent  on  the  overall  configuration 
and  its  mission  requirements. 
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The  tight  packaging  of  the  Echo  I  and  Beacon  satellites  enabled  expan* 
sion  ratios*  of  approximately  100,000  and  3,400,  respectively,  to  be  achieved 
These  extremely  high  ratios  are  representative  of  what  can  be  expected  with 
the  thin-wall  Inflatable  spheres;  however,  as  both  the  load  requirements  and 
structural  wall  complexity  Increases  the  expansion  ratios  can  be  expected  to 
diminish  rapidly..  The  trend  between  expansion  ratio  and  configuration  com¬ 
plexity  is  emphasized  in  Figure  2.,  In  this  Figure,  a  number  of  the  existent 
structures  having  available  package  dimensions  are  introduced.-  As  indicated 
by  the  shaded  region  of  the  Figure,  expansion  ratios  ranging  from  2  to  pos¬ 
sibly  6  are  about  as  high  as  one  can  reasonably  expect  for  any  type  of  manned 
expandable  structure  designed  for  extended  periods  of  tine  in  space. 


NON-RIGID  CONFIGURATIONS  AND  RELATED  MATERIALS 


DEFINITIONS 

The  non-rigid  structures  are  considered  to  be  those  which  are  construc¬ 
ted  principally  of  flexible  materials.  These  structures  may  be  folded  or 
roiled  into  complex  patterns  for  packaging  without  resorting  to  hinges  or 
other  specialized  schemes  for  providing  flexibility  in  localized  regions. 
Non-rigid  structures  are  necessarily  non-rigid  only  in  their  collapsed  form. 
Once  erected  they  may  either  remain  non-rigid  with  stabilization  accomplished 
solely  by  inflation  pressure  or  they  may  become  rigidized  after  deployment 
by  a  number  of  techniques.,  Rigidizing  schemes  Include:  (1)  mechanical  sys¬ 
tems  -  linkages,  tie  rods,  etc.;  (2)  physical  systems  -  elastic  property 
changes,  elastic  recovery,  etc.;  and  (3)  chemical  systems  -  foaming  and 
rigidizing  of  foams,  plasticizer  loss,  activation  of  resins,  etc. 


FLEXIBLE  WALL  CONCEPTS 

Several  flexible  wall  concepts  under  consideration  for  non-rigid  ve¬ 
hicles  are  shown  in  Figure  3.  The  single-skin  construction,  displayed  at  the 
upper  left,  is  shown  with  fabric  reinforcement  which  enhances  the  strength, 
flexibility,  and  tear-resistant  characteristics.  These  single-wall  materials, 
with  or  without  reinforcement,  are  generally  placed  in  the  category  of  bal¬ 
loon  materials.  They  may  rai.;’e  from  the  aluminumized  plastic  films  as  used 
on  the  Echo  I  Satelloon  to  the  coated  metal  wire  cloth  proposed  for  re-entry 
drag  devices  and  manned  re-entry  vehicles.  The  structural  stability  of  con¬ 
figurations  using  the  single-skin  construction  would  generally  be  provided  by 
internal  pressurization;  however,  methods  of  introducing  stiffness  into  mem¬ 
branes  and  coated  fabrics  are  now  under  study.;  Westlnghouse  Electric  Corp. , 
is  well  along  with  research  on  glass  fiber  base  fabrics  and  special  flexible 


Expansion  ratio  =  expanded  volume/packaged  volume 
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FIGURE  2.  TRENDS  IN  EXPANSION  RATIOS 
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coating  formulas  which  lose  their  plasticizer  after  deployment  and  thus  be¬ 
come  extremely  rigid.  Hughes  Aircraft  Company  and  NASA  are  also  developing 
methods  for  rigidizing  balloon-like  structures.  Hughes  has  shown  the  fea¬ 
sibility  of  using  two  different  methods  for  rigidizing  thin  wall  laminates. 
One  method  relies  on  exposure  to  ultraviolet  rays  to  rigidize  a  polyester 
resin  combined  with  a  dacron  mesh  laminated  between  two  layers  of  aluminum- 
ized  Mylar.  The  other  method  employs  a  thermal  sensitive  laminate  composed 
of  an  epoxy  resin  coated  over  a  fabric  which  has  been  faced  with  aluminum- 
ized  Mylar.  The  NASA  laminate  under  study  consists  of  two  layers  of  micro- 
thin  aluminum  foil  with  a  1/3  mil  Mylar  film  sandwiched  between.;  This 
system  is  then  rlgldlzed  by  over inflat  ion  so  that  it  takes  on  a  permanent 
set  (tensile  residual  strain).  All  of  these  rigidizing  schemes  appear  prom¬ 
ising  for  huge  balloon-like  structures  and  giant  solar  collectors. 

The  Airmat  material,  shcam  as  concept  (B)  in  Figure  3,  is  actually 
one  integral  piece  of  cloth  woven  into  a  double-wall  configuration  with  con¬ 
tinuous,  closely-spaced  drop  threads  regulating  the  dual-wall  depth.  The 
surfaces  of  the  resulting  fabric  are  then  coated  with  suitable  elastomeric 
materials  to  make  the  construction  airtight  amidst  the  design  environment. 

The  Airmat  cloth  has  been  available  for  several  years  in  cotton.  Nylon, 
Fortisan,  and  Dacron  coated  with  butyl  or  neoprene  elastomers;  and  now 
fiberglass  and  metal  cloth  are  being  successfully  employed  with  heat-resist¬ 
ant  coatings.  The  material  Is  rlgldlzed  by  intrawall  pressurization,  and 
the  drop  thread  arrangement  permits  application  to  various  shapes  that  would 
otherwise  be  impossible  for  the  single-wall  materials. 

A  foamed  core  material  sandwiched  between  flexible  facings  is  also  shown 
in  Figure  3.  This  wall  concept,  labeled  (C) ,  represents  two  distinctly  dif¬ 
ferent  application  of  foam  materials.  The  first  application  is  that  in 
which  a  preioaxied  flexible  core  material  rigidlzes  flexible  facings  using 
the  principles  of  expansion  through  elastic  recovery  mechanisms.3  The  second 
application  of  foam  core  materials  is  chat  of  foaming- in-place  between  flex¬ 
ible  facings  after  deployment,  thus  achieving  the  desired  characteristics  of 
a  rigid  sandwich.- 

In  the  former  application,  the  flexible  foam  is  prefabricated  into  the 
wall  cross  section  prior  to  packaging.  By  compressing  the  foam  core  and 
firmly  folding,  the  structure  can  be  packaged  into  a  relatively  small  volume 
container.  Upon  release  from  the  container  in  space,  the  stored  potential 
energy  of  the  compressed  core  is  sufficient  to  expand  and  lend  rigidity  to 
the  configuration..  No  auxiliary  forces  such  as  gas  pressurization,  chemical 
reaction,  or  mechanical  devices  are  required  in  the  deployment  scheme.  A 
similar  application  is  that  of  replacing  the  foam  co  *e  with  a  flexible  core 
fabricated  of  corrugated  elastomeric  materials  such  as  neoprene,  polyvinyl, 
reinforced  films,  etc. 
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FIGURE  3.  FLEXIBLE  HALL  CONCEPTS 
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The  development  of  foam* In-place  techniques  for  rigidizing  struct* -es 
is  under  way  in  a  number  of  laboratories.  The  method  receiving  greatest 
attention  is  that  which  employs  a  foam  reaction  within  the  wall  of  a  pre¬ 
viously  inflated  double-wall  structure.  For  this  purpose,  the  polyurethane 
foams  appear  to  be  the  more  promising.  Formulation  and  processing  of  these 
foam  materials  have  taken  the  form  of  both  powders  and  liquid  reactants, 
and  at  the  present  time,  a  one  part  solid  reactant  system  activated  by  heat 
alone  is  under  development.^ 

The  next  W3ll  cross  section  shown  at  (D)  in  Figure  3,  is  that  of  a 
double-wall  construction  having  flexible  coated-fabric  facings  and  a  honey¬ 
comb-like  core.  Schemes  of  this  type  are  under  study^  whereby  the  core  con¬ 
sists  of  a  conventional  metal  honeycomb,  and  during  deployment,  the  unex¬ 
panded  core  is  expanded  by  inflation  to  a  predetermined  shape.  The  inner 
skin  is  used  as  a  bladder  to  force  the  expansion  while  the  outer  rkin  serves 
as  a  restraining  medium  once  the  final  shape  is  achieved.  Methods  of  bond¬ 
ing  the  skins  to  the  expanded  core  are  being  developed.  These  include:  (a) 
rupturing  by  means  of  contact  pressure  of  an  encapsulated  adhesive  system 
attached  to  the  skins,  and  (b)  methods  for  local  heating  and  melting  of  cap¬ 
sules  containing  an  epoxy  resin  and  a  catalyst  followed  by  curing  into  a 
suitable  bond. 

The  double-wall  concept,  shown  at  position  (E)  in  Figure  3,  employs  an 
intrawall  insulation  scheme  which  will  find  application  in  expandable  manned 
spacecraft  construction.-  This  flexible  wall  concept  employs  vacuum-vented 
supcrinsulations  which  are  contained  between  the  facing  skins..  Since  these 
insulating  materials  are  non-load  carrying,  the  outer  vented  skin  can  only 
serve  to  contain  the  insulation  and  to  protect  it  from  degradation.  This 
scheme  will  either  be  used  in  conjunction  with  one  of  the  other  wall  con¬ 
cepts  cr  it  will  be  applied  co  areas  where  the  inner  skin  can  handle  the 
structural  loads.  The  superinsulations  typified  by  the  Linde  SI-4  and 
NRC-2  materials  have  extremely  high  insulative  characteristics  when  vented 
to  vacuum  conditions,  and  the  principal  problem  will  be  one  of  containment 
without  the  introduction  of  heat  leaks  through  the  insulation.  The  purpose 
of  this  type  of  construction  would  be  to  attenuate  the  large  thermal  fluc¬ 
tuations  resulting  from  solar  heating  of  the  exterior  surface,  thus  enabling 
a  close  control  of  the  shirt-sleeve  environmenr  within  a  manned  craft..  Also 
the  concept  has  important  application  to  the  shrouding  of  cryogenic  vessels 
for  long-time  storage  in  space. 

The  final  sketch,  (F) ,  in  Figure  3  displays  an  orthotropic  core  concept 
That  is,  the  core  material  is  directional  in  core  construction  and  strength 
characteristics.  Several  fabrication  schemes  for  imparting  flexibility  into 
this  type  of  wall  construction  have  been  developed;  however,  methods  or 
rigidizing  in  space  are  still  under  study.  An  integrally  woven,  three  dimen 
sional  fabric  material  (Raypan*)  is  now  available  in  several  wall  depths, 
resin  types,  yarns,  etc..  Either  truss  core  or  vertical  webs  of  the  type 
shown  are  being  manufactured.  All  of  the  methods  mentioned  earlier  for 
rigidizing  fabrics  would  be  equally  applicable  for  this  construction.-  In 
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addition  to  the  usual  structural  wall  applications,  the  directional  core 
construction  would  enable  the  wall  to  serve  as  a  heat  exchanger  in  critical 
areas  of  the  vehicle.,  in  this  way,  Internal  heat  generated  by  power  sup¬ 
plies,  etc.,  could  be  carried  to  the  outer-skin  and  radiated  to  space. 

The  specific  applications  of  some  of  the  wall  concepts  briefly  de¬ 
scribed  above  are  discussed  in  the  following  Section. 


THE  BALLOON  SATELLITE  AND  THIN-WALL  CONSTRUCTION 

The  Echo  I  satellite  was  successfully  launched  and  deployed  a  little 
over  three  years  ago.  This  achievement  represented  the  first  introduction 
of  an  inflatable  structure  into  orbit,  and  it  proved,  without  a  doubt,  the 
value  of  this  Inflatable  concept  fur  World-Wide  communications.-  The  over¬ 
all  Project  Echo&  was  managed  by  NASA's  Goddard  Space  Flight  Center,  and 
the  development  ar.d  testing  cf  the  100  foot-diameter  satellite,  itself, 
was  under  the  direction  of  NASA's  Langley  Research  Center. 

Echo  1  was  an  extremely  thln-wall  structure  in  that  it  was  fabricated 
from  one-half  mil  (0. 0005-Inch  thick)  Mylar*  (polyethylene  terephthalate) 
coated  with  a  vacuum  deposited  molecular  film  of  aluminum.  The  aluminum 
coating  provided  the  necessary  reflectivity  to  radio  frequency  transmissions. 
The  weight  of  the  balloon,  including  about  5  miles  of  seams,  as  fabri¬ 
cated  by  the  G.  T.  Schjeldahl  Company,  was  about  104  pounds  or  approx¬ 
imately  3.4  pounds  per  1000  square  feet  of  surface.  Within  the  balloon, 

30  pounds  of  sublimating  pewders  were  carefully  sprinkled  so  as  to  develop 
sufficient  vapor  pressure  for  inflation  once  deployed  amidst  the  vacuum 
of  space.  The  payload  weight  also  Included  two  miniature  solar  powered 
radio  beacons  (11  ounces)  carried  for  tracking  purposes.  These  Items 
constituted  the  satellite  vehicle  which  was  carefully  packaged  within  a 
magnesium  canister  of  26-1/2  inch  diameter.  A  Thor-Delta  vehicle  was  used 
to  launch  the  package  into  orbit.  Both  the  package  arrangement  and  the 
method  for  initiating  deployment  of  Echo  I  are  shown  in  Figure  4. 

Although  this  balloon-like  inflatable  structure  presented  a  construc¬ 
tion  of  simple  form,  it  was  far  frc*n  being  free  of  problems,  especially 
when  such  balloons  come  in  100- foot-diameter  sizes.  The  deflated  membrane 
structure  extended  157  feet  across  t.he  work  table,  and  it  presented  diffi¬ 
culties  In  fabrication,  handling,  inspection,  testing,  and  packaging.  For¬ 
tunately,  however,  experience  gainao  in  the  past  decade  with  stratosphere 
balloons,  and  more  recently,  with  superpressure  balloon  systems  enabled 
many  problems  to  be  anticipated  and  eliminated  before  they  hampered  the 
program.  For  example,  experience  was  gained  with  thermoplastic  strip  ad¬ 
hesives  using  polyester  resins  during  the  development  of  superpressure 
balloons,  and  this  experience  was  brought  to  bear  with  little  difficulty 
in  the  fabrication  of  all  seams  on  Echo  I. 
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SEPARATION  SPRING  UNFOLDING  GONTAII 


Mew  problems  In  packaging,  beyond  that  experienced  with  atmospheric 
balloons,  did  present  themselves,  however.  In  the  packaging  of  Echo  I  prior 
to  launch,  it  was  necessary  to  remove  all  residual  air  In  the  balloon  by 
piercing  it  with  about  250  strategically  placed  pin  holes  and  then  placing 
the  package  In  a  vacuum  chamber  to  draw  out  the  entrapped  air.  While 
in  this  evacuated  condition,  the  package  was  vacuum  sealed  into  a  spherical 
canister.  Were  this  not  done,  local  air  pockets  would  undoubtedly  have 
produced  uncontrolled  inflation  and  localized  ruptures  would  have  scuttled 
the  satellite.-  Controlled  inflation  was  relegated  to  the  subliming 
powders.  These  were  carefully  selected  to  give  exactly  the  range  of  vapor 
pressures  required  as  the  satellite  passed  in  and  out  of  the  earth's 
shadow.  The  magnitude  of  the  equilibrium  pressure  developed  within  the 
satellite  was  directly  dependent,  for  the  most  part,  on  the  magnitude  of 
the  membrane  skin  temperature.  Therefore,  since  the  skin  was  subject  to 
large  temperature  variations  as  it  passed  through  the  darkness  (-157 °F) 
and  sunlight  (+250°F)  portions  of  the  orbit,  it  was  extremely  difficult 
to  keep  the  internal  pressure  belcw  the  bursting  pressure  (approximately 
0.03  psi)  in  the  sunlight  region  while  still  retaining  sufficient  pressure 
in  darkness  to  prevent  compressive  instability  from  the  external  pressure 
exerted  by  the  combination  of  earth  radiation  and  stagnation  pressure. 

For  the  Echo  I  membrane  design,  it  was  concluded,  however,  that  the 
rigidity  of  the  satellite  was  sufficient  to  retain  its  shape  during  earth 
urbit  at  1000  miles  altitude?  On  the  other  hand,  at  somewhat  lower  orbit 
altitudes  where  external  pressures  become  more  significant,  a  slight 
measure  of  increased  rigidity  would  be  required  to  prevent  buckling  in¬ 
stability  and  the  accompanying  drop  in  reflective  efficiency.  This  need 
for  more  rigidity  in  thln-membrdne  inflatable*  has  prompted  several  re¬ 
search  programs  to  develop  rlgidlzlng  schemes.  These  were  briefly  dis¬ 
cussed  in  the  preceding  Section.  The  NASA  laminate  which  consists  of  the 
twe  layers  of  aluminum  foil  (0.00018  inch)  with  an  interlayer  of  thin 
Mylar  film  (0.00035  inch)  was  used  in  the  larger  Echo  II  Satellite 
(135  foot  diameter).  It  is  estimated  that  Echo  II  (also  knewn  as  Echo  A-12) 
will  weigh  twice  that  of  Echo  I  and  will  require  a  proportionately  larger 
package. 

Another  technique  for  rigldizing  reflective  spheres  like  Echo  is  that 
of  a  wlre-rigldized,  aluminized.  Mylar  material  under  study  by  Goodyear. 

This  scheme  also  uses  the  "over-stress"  principal  to  develop  a  residual 
tensile  strain  in  the  wire  mesh.  The  rigidity  thus  developed  by  overin¬ 
flation  is  then  high  enough  to  retain  the  shape  in  low  orbits  even  after 
all  pressure  has  been  lost.  An  auxiliary  technique  that  has  been  proposed 
is  that  of  subsequently  evaporating  away  the  plastic  film  covering  the  mesh. 
This  method  would  leave  only  the  open  fine-wire  frame,  thus  reducing  the 
adverse  effects  of  radiation  and  stagnation  pressures.  The  wires  are  still 
close  enough,  however,  to  cause  little  reduction  to  its  efficiency  as  a 
radio  wave  reflector.. 
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THE  FLEXIBLE  SOLAR  COLLECTOR  AND  FOAMED  CORE  CONSTRUCTION 


One  of  the  more  attractive  methods  now  being  developed  for  erecting 
large  solar  collectors  in  space  is  that  of  inflation  followed  by  rlgidization 
using  foam-in-place  techniques.  Goodyear  Aircraft  Corporation  has  developed 
a  rather  straightforward  procedure  for  accomplishing  this  type  of  reflector. 
The  precise  shape  of  the  reflector  is  attained  by  pressurizing  a  volume 
located  between  the  concave  surface  of  the  reflector  and  a  temporary 
hemispherical  forward  section.  The  alumlnumized  reflector  surface  is  then 
rigldized  by  releasing  a  lightweight  foam  in  a  double-wall  cavity  immediately 
behind  the  reflective  surface..  Finally,  after  sufficient  time  has  elapsed 
to  allw  the  foam  to  cure  (typically,  15  to  20  minutes),  the  hemispherical 
forward  section  is  removed  along  the  rim  of  the  reflector  leaving  the  desired 
dish-type  configuration.-  The  sequeuce  of  events  just  described  are  clearly 
shown  in  Figure  5.  Huge  solar  collectors  up  to  50  feet  in  diameter  are  in 
the  planning  stage;  however,  at  the  present  time  smaller  "feasibility" 
models  are  under  construction  to  improve  foaming  techniques  and  fabrication 
methods . 

The  polyurethane  family  of  foam  materials  are  receiving  most  attention 
for  such  foam- in-place  applications,  especially  in  the  presence  of  the 
space  environments..  Their  popularity  stems  not  only  from  their  foaming 
characteristics  but  also  from  their  resistance  to  degradation  (after  foam¬ 
ing)  by  the  combined  environment  of  thermal  radiation  and  vacuum.  The 
polyurethanes  retain  good  strength  properties  up  to  temperatures  near 
300°F;  however,  seme  protection  from  ultraviolet  rays  is  required  for 
long-time  exposures.  This  shortcoming  is  not  severe  since  protective 
coatings  have  been  developed  and  successfully  used  against  ultraviolet  rays.- 

The  Mylar  films,  as  in  the  Echo  balloon  application,  appear  to  satisfy 
the  requirements  for  the  membrane  surfaces  of  the  inflated  and  foam  rigidized 
solar  collector.  Film  thicknesses  of  1/2  to  1  mil  are  in  general  use  in 
most  developments  of  this  type.,  A  vacuum  deposit  of  aluminum  is,  of  course, 
added  to  the  Mylar  at  the  reflector  surface.  For  normal  use  in  space, 
this  aluminum  film  needs  to  be  no  more  than  about  2000  angstroms  thick 
l8.0  micro-inches). 

The  conventional  polyurethane  foams,  referred  to  above,  foam  satis¬ 
factorily  under  the  moderate  vacuum  conditions  existing  within  the  confines 
of  double-wall  membranes.  From  the  standpoint  of  vacuum,  these  intrawall 
corditions  are  not  severe,  although  these  regions  have  received  the 
standard  evacuation  procedures  before  packaging.  Unfortunately,  however, 
in  the  hard  vacuum  (10“8  to  10'“  mm  Hg.)  existing  outside  a  deployed  space 
structure,  the  conventional  foams  cannot  be  used  since  they  will  collapse 
during  the  foaming  process.  Therefore,  methods  for  foaming  a  material 
that  adheres  to  the  vacuum-exposed  outer  surface  of  a  structure  requires 
new  material  formulations  and  processes.  A  number  of  research  program 
for  foaming  under  the  difficulties  of  hard  vacuum  are  underway,  and  promis¬ 
ing  results  are  beginning  to  be  displayed.  Hughes  Aircraft  Company  has 
developed  a  powder  mixture  of  solid  urethane  reactants  which  is  made  to 
adhere  to  the  exterior  of  an  inflatable  structure.  Once  it  reaches  a 
temperature  between  180°  and  250°F  a  foam  reaction  is  triggered  into 
operation. 


FIGURE  5.  FLEXIBLE  SOLAR  COLLECTOR 


Gelatin  films  are  being  studied  at  ASD  as  a  possible  means  of  rigid- 
izing  structures  of  the  solar-collector  type.  The  gelatin  film  is  cast  onto 
flexible  surface  and  allowed  to  cure  to  the  point  of  being  flexible  but 
.,.  t  sticky.  Then,  the  structure  is  folded  and  packaged  into  an  evacuated 
container  which  prevents  rigidization  of  the  film  by  preventing  evaporation 
,'t  water  from  the  gelatin.  Once  deployed  in  space,  however,  the  water 
evapoictes  and  the  film  rtgidrzes.  Furthermore,  as  soon  as  the  rigid  surface 
reaches  a  temperature  ot  ..bout  200°F,  the  film  foams  to  a  thickness  ten  or 
times  ,fs  original  thickness,  thus  imparting  additional  rigidity  tc  the 
surface. 


Another  method,,  that  of  spraying  foam  reactants  automatically  against 
a  surface  exposed  to  the  snace  environment,  has  been  under  development  by 
Goodvear.;  In  this  scheme  a  ’’back  flap"  method  is  employed  whereby  the  foam 
is  applied  between  a  flap  and  the  exterior  surface.  Thus,  tne  foaming  ac¬ 
tually  cakes  place,,  and  is  ailow-ti  to  uuick-cure.  in  the  protective  cor.- 
tt.ses  underneath  the  flap.  Beneath  the  flap,  the  exterior  hard  vacuum  has 
,ot  had  time  to  penetrate  amidst  the  entrapped  gases.  It  is  reported  that 
tins  system  may  be  used  to  rigidize  a  prototype  solar  collector  soon  to  be 
nlaeed  in  orbit. 


THE  1'LF-  IBI.k  PARAWING  RECOVERY  DEVICE 

The  ilexible  recovery  devices  reierred  to  as  either  parawings,  para¬ 
gliders..  or  Rogailo  wings  represent  a  considerable  advancement  in  maneuver¬ 
ability  over  the  steerable  parachute.  However,  the  greater  raaneuver  capa- 
oility  is  provided  at  the  expense  of  more  complexity  in  the  structural 
arrangement  and  an  increase  in  the  aerodynamic  problems.  Nevertheless,  the 
merits  of  the  concept  overshadow  its  difficulties  to  sufficient  extent  that 
considerable  development  m  tins  area  can  be  expected  in  the  years  ahead.. 

The  principal  structural  members  employed  in  these  recovery  configura¬ 
tions  are  a  central  keel  and  two  sweptback  leading  edges.  Typically,  these 
arc  tubular  merabets  that  arc  ngidized  by  mllation  at  the  beginning  of  the 
deployment  sequence,  a  large-area,  flexible,  lifting  S”rface  is  attached 
continuously  along  the  length  ot  the  tubes.  This  aerodynamic  surface,  gen¬ 
erally,  consists  of  a  very  flexible,  high-strength  fabric  coated  with  a  ther¬ 
mal  resistance  coasting.:  The  deployed  paraglider  shown  in  Figure  6  is  repre¬ 
sentative  of  the  construction  just  described.  Although  the  vehicle  shown  is 
that  of  a  micrometeoroid  sensing  paraglider,  it  is  very  similar  to  most  of 
the  other  proposed  systems  including  that  being  developed  for  Gemini  recovery. 

The  micrometeoroid  paraglider  was  developed  by  the  Space  General 
Corporation  and  B.  F.  Goodrich  Company  under  the  direction  of  HASA/Langley. 

The  paraglider  is  to  be  boosted  to  an  altitude  of  250,000  feet,  where  it  is 
deployed.  It  then  will  follow  a  nominal  trajectory  and  glide  path  during 
which  time  micrometeoroid  impacts  on  sensors  will  be  detected  and  telem¬ 
etered  back  to  earth.  The  materials  and  processing  problems  encountered  in 
the  development  of  the  vehicle  are  typical  of  tnis  type  of  aerospace  configu¬ 
ration;  however,  due  to  the  nature  of  the  experiment  to  be  performed,  some 
added  problems  related  to  materials  may  be  considered  unique.  That  is,  the 
scheme  for  measuring  the  micrometeoroid  flux  in  near  space  required  that  all 
of  the  available  1X0  square  feet  of  lifting  surface  be  used  for  mounting 
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sensitive  capaci tor* type  sensors,  these  sensors  were  mounted  on  both  sides 
of  the  surface  giving  approximately  200  square  feet  of  sensor  area.  The 
very  low  aerodynamic  loading  on  the  lifting  surface  enabled  a  very  light¬ 
weight,  single-ply,  fiberglass  cloth  to  be  used  for  this  application.,  the 
material  used  was  3M-Y9050  with  an  adhesive  applied  to  both  sides  to  simplify 
the  mounting  of  the  sensors.  This  material  was  available  in  36-inch  widths, 
and  2-inch  lap  joints  were  employed  in  building  up  the  required  surface 
area. 


The  capacitor  sensors  consisted  of  six  layers  of  aluminum  film,  each 
25  micro-inches  thick,  Interleaved  with  three  layers  of  1/4  mil  Mylar  and 
two  layers  of  1/2  mil  Mylar  to  form  a  multilayer  capacitor  about  0.002  inch 
thick.  This  laminate  was  bonded  together  by  heat  and  pressure  using  a 
Schjbldahl  301  adhesive  system.  To  assure  adhesion  under  all  temperature 
extremes,  the  laminate  had  to  survive  a  thermal  shock  test  involving  rapid 
transfer  from  boiling  water  to  liquid  nitrogen. 

The  baaic  material  of  construction  selected  for  the  tubular  structure 
was  Hess  Goldsmith  HG66  fiberglass  fabric.  This  is  a  17  by  17  plain  weave 
material  having  a  thickness  of  about  0.016  inch.  Its  nominal  breaking 
strength  is  600  lb/ inch.  Two  layers  of  this  precoated  fabric  were  ortho¬ 
gonally  matched  and  orientated  on  s  bias  with  respect  to  the  longitudinal 
axis  of  the  tubes.  The  matrix  material  was  selected  to  be  a  silicone 
elastomer  because  of  its  superior  high-temperature  characteristics  and 
flexibility.  Low  permeability  was  not  a  primary  requirement  since  s  low 
permeability  film  could  be  applied  on  the  inside  of  the  tube  if  excessive 
loss  of  gas  were  encountered  during  proof  testing.  The  basic  strength 
required  of  the  fabric  material  was  dictated  primarily  by  the  level  of 
Internal  pressure  needed  to  prevent  buckling  of  the  tubular  members  under 
the  design  loads. 

During  the  development  of  this  vehicle,  some  weakening  and  breakage 
of  the  glass  fibers  in  the  fabric  was  noted  as  a  result  of  the  costing  and 
handling  operations.  This  characteristic  weakening  appears  to  be  common  to 
ail  composites  using  fiberglass  as  a  flexible  reinforcement,  ^ince  it  is 
made  from  filaments  that  are  basically  brittle.  The  situation  is  further 
aggravated  by  removal  of  sizing  to  Improve  the  adhesion  of  silicone.  Sizing 
acts  as  a  lubricant  between  adjacent  fibers,  and  when  this  is  removed, 
friction  and  breakage  begin.  These  are  problems  that  have  been  recognized, 
and  they  should  be  carefully  considered  in  design.  It  appears  improbable 
that  fiberglass  materials  can  be  used  at  their  full  rated  strength  if  they 
are  to  be  flexible. 

As  Indicated  earlier  the  lifting  surface  area  of  the  paraglider  in 
Figure  6  is  110  square  feet.  The  structural  tubes  are  tapered,  as  shown, 
from  20  inches  to  6  Inches  over  their  12-foot  length.  The  vertical  Inflated 
tube  is  12  inches  in  diameter  and  extends  to  12  feet  with  a  rigid  hardware 
canister  attached  at  the  lowermost  end.  The  canister  and  hardware  weigh  90 
pounds,  and  the  flexible  psrsglider  weighs  90  pounds  for  a  total  package 
weight  of  180  pounds.  A  fixed  trim  is  employed  for  the  vehicle,  and  e  peak 
wing  loading  of  approximately  2.5  lb/ ft2  has  been  predicted.  The  packing 
density  (package  volume/calculsted  material  volume)  has  been  established 
at  a  value  of  3.0  for  the  flexible  portion  of  the  package. 
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THE  INFLATABLE  RE-ENTRY  GLIDER 


The  so-called  the  -mal  barrier  associated  with  aerodynamic  flight  creates 
the  basis  for  a  pressing  structural  problem  dor Ing  glide  re-entry.  Gliders 
of  the  Dyua -Soar  type,  for  example,  with  their  relatively  high  wing  loadings 
and  high  re-entry  velocities  will  have  structural  temperatures  ranging  be¬ 
tween,  say  4000°F  at  the  stagnation  point  on  the  nose  to  about  250G°F  under¬ 
neath  the  wings.-  Typical  relationships  between  velocity,  altitude,  wing 
loading,  and  induced  temperature  for  glide  re-entry  are  shown  in  Figure  ?, 

The  lowermost  wing-loading  curve  is  that  ot  a  conventional  glider  having 
a  wins  loading  of  80  lb/ ft2.  The  temperature  lines  shown  are  representative 
of  those  occurring  beneath  thu  wing.  A  maximum  temperature  between  2000°F 
and  3000°F  is  indicated  for  the  conventional  vehicle.  Furthermore,  the 
severity  of  these  temperatures  for  the  re-entry  glider  are  emphasized  by 
long-time  exposures  which  are  of  the  order  oi  minutes.  Thus,  for  the  coo- 
vent ional  glider  tutltet  .* , i> I  ■  *'  materials  are  indicated  to  cope  with  the 
thermal  problem. 

A  reduction  of  the  wing  loading  on  the  glider  has  the  effect  of  re¬ 
ducing  the  level  of  aerodynamic  heating.  This  is  indicated  in  Figure  7  by 
the  uppermost  wing-loading  curve  typical  of  gliders  having  large  wings  and 
thus  lower  velocities  for  a  given  altitude.  The  conventional  glider,  how¬ 
ever,  is  restricted  to  wings  of  low  aspect  ratio  in  order  for  the  configura¬ 
tion  to  c  compatible  during  the  exit  phase  with  the  stability  and  control 
capability  of  the  booster  system.-  In  turn,  these  dimensional  constraints 
restrict  o  glider  to  the  higher  wing  loadings  and  temperatures.  It  is 
here  that  tiie  inflatable  glider  appears  to  offer  advantages.  By  using  the 
inflatable  concept,  wings  of  large  size  can  be  folded  around  the  fuselage 
during  exit  and  then  inflated  before  re-entry,  thereby  achieving  the  desired 
wing-loads  of  low  magnitude. 

The  .iiatable  concept  publicized  by  Goodyear,  is  shown  in  Figure  8. 

The  Airm.,-  .ta'erial  described  earlier  and  shown  in  Figure  3  is  used  exten¬ 
sively  ii  .".s  vehicle.  The  wing  loadings,  typical  of  the  proposed  inflat¬ 
able  glia,,  range  between  1.0  and  5.0  lb/f:2;  and,  as  shown  in  Figure  7, 
this  cor-  -.ponds  to  re-entry  temperatures  of  about  1700  to  1>10°F.  In  this 
temperature  range,  a  number  of  leer  exotic,  materials  have  good  structural 
characteristics.  In  fact,  fabrics  woven  of  materials  such  as  the  austenitic 
stainless  steels,  nickel-base  alloy  steels,  and  fiberglass  snow  promise. 

Unfortunately,  the  application  of  expandable  concepts  to  a  glide  re¬ 
entry  vehicle,  as  with  any  other  vehicle,  is  more  than  just  a  basic  materials 
problem.  The  broad  problem  is  not  only  one  of  developing  materials  with 
good,  elevated  temperature  strength,  low  permeability,  etc,,  but  it  is  also 
one  of  developing  new  methods  of  fabrication  and  refined  methods  of  predic¬ 
ting  the  structural  response  of  the  new  fabric-base  materials.  For  the 
glide  vehicle,  in  particular,  the  flexible  structure  must  be  capable  of  not 
only  holding  a  prescribed  geometrical  shape,  such  as  that  of  a  fuselage  or 
an  air-foil,  but  it  must  also  provide  a  good,  predictable  measure  of  protec¬ 
tion  to  the  crew  while  subjected  to  the  hazards  of  space  and  re-entry. 
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undoubtedly,  the  Inflatable  space  station  concept  that  has  received  the 
most  extensive  study  is  that  of  the  inflatrble  torus  fabricated  by  Goodyear. 
As  in  most  space  station  concepts,  the  tore-type  of  spacecraft  is  designed 
to  develop  an  artificial  gravity  through  rotation  about  its  own  axis.  Due 
to  human  factor  criteria,”  this  means  of  inducing  gravity  also  restricts  the 
minimum  diameter  of  the  rotating  station  to  about  80  feet.*  Although  a  full 
scale  vehicle  has  not  been  fabricated,  Goodyear  has  built  several  experi¬ 
mental  structures  (1/2  size  and  smaller)  for  use  in  a  number  of  studies. 
Problem  areas  under  study  include  fabrication  methods,  variable  gravity 
effects,  folding,  erection,  Internal  environment,  system  dynamics,  etc.  A 
30-foot  diameter  experimental  torus  structure  is  shown  in  Figure  9.  The 
test  vehicle  shown  here  is  supported  at  the  hub  to  allow  inspection  and  ro¬ 
tation  during  the  study.  (Note  the  use  of  tie  cables  and  shear-pad  attach¬ 
ments  for  increasing  the  rigidity  of  the  structure.) 

The  vehicle  shown  In  Figure  9  is  fabricated  of  Airmat  material  which 
gives  the  desired  feature  of  double-wall  construction.-  lhe  use  of  Airmat 
enables  the  inflation  pressure  of  the  structure  to  be  Independent  of  the 
pressure  requirements  placed  on  the  internal  environmental  air.  Futhermore, 
the  dual-wall  configuration  affords  added  protection  from  meteoroids  by  pre¬ 
senting  an  effective  "Wipple  meteor-bumper"  shield.  This  type  of  construc¬ 
tion  is  also  amenable  to  intrawall  foaming  procedures  so  as  to  rigidize  the 
station  after  the  initial  inflation.-  It  is  feasible  that  the  foam-core 
material  could  serve  as  an  efficient  attenuator  of  penetrating  radiation  as 
well  as  a  means  of  improving  structural  integrity  by  eliminating  the  depend¬ 
ence  on  intrawall  pressure  for  stability.  Several  fabric  and  coating  schemes 
for  the  Airmat  are  under  evaluation.  These  include  fabrics  of  Nylon,  Dacron, 
and  Fortisan.  and  coatings  of  neoprene,  butyl,  and  Mylar  films.  Improved 
methods  of  structural  analysis  of  Airmat-type  materials  have  also  been  de¬ 
veloped  in  parallel  with  the  fabrication  programs..  Much  of  the  initial  theo¬ 
retical  work  was  performed  under  the  direction  of  NASA-Langley ,  0,11  however, 
recently  the  Air  Force  has  concentrated  efforts*2  in  these  areas.  In  all  of 
these  studies  the  theoretical  developments  have  been  compared  with  experi¬ 
mental  results. 

Single-wall  construction  consisting  of  either  multiple  coated  fabrics 
alone  or  filament  windings  combined  with  coated  fabric  liners  has  also  been 
given  some  consideration  for  space  station  applications.  Although  the 
strength  and  permeability  requirements  can  be  met  by  these  single-wall  mate¬ 
rials,  it  is  doubtful  that  sufficient  protection  from  environmental  hazards 
can  be  given  crew  members  for  the  extended  lifetime  of  the  space  station  and 
the  typical  periods  envisioned  between  crew  rotation. 


*  Human  factor  considerations  indicate  that  the  differential  gravity  force 
from  head  to  foot  of  an  astronaut  standing  within  the  rim  of  the  torus 
should  be  no  greater  than  IS  percent;  thus,  for  a  6-foot  man,  a  minimum 
of  40-foot  radius  is  indicated. 
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The  merits  of  the  inflatable  glide  re-entry  vehicle  has  prompted  ex¬ 
tensive  research  and  development  in  all  aspects  of  fabric-base  materials 
applications.  A  number  of  organizations  are  studying  one  or  more  of  the 
problem  areas  concerned  with  high-temperature  structural  fabrics,  coatings, 
manufacturing  processes,  and  the  applied  mechanics  problem.  A  partial  list¬ 
ing  of  these  organizations  is  as  follows:  Dow  Corning,  DuPont,  Goodrich, 
Goodyear,  H.  I.  Thompson,  A.  D.  Little,  and  Westlnghouse  Electric.  The 
majority  of  these  people  are  working  under  Air  Force  contracts  or  subcon¬ 
tracts;  however.  In  several  instances  the  work  is  of  a  proprietary,  in- 
house  nature.  For  reference  purposes,  several  specific  contracts  and 
prime  contractors  are  given  below: 

(!)  AF  33(616) -82 59,  "Development  of  Fabric  Base  Materials 

for  Space  Applications,"  Westlnghouse  Electric  Corporation. 

(2)  AF  33<657) -8702 ,  "Analytical  and  Experimental  Investigation 
of  Coated-Metal  Fabric  Expandable  Structures  for  Aerospace 
Applications,"  Goodyear  Aerospace  Corporation. 

(3)  AF  33(616) -7854,  "New  and  Improved  Materials  for  Expandable 
Structures,"  Coodyear  Aerospace  Corporation. 

(4)  AF  33(616) -7294,  "Investigation  of  Properties  of  Fine 
Filaments  and  Fabrics  of  Superalloys  and  Refractory  Metals," 

Arthur  D.  Little,  Inc, 

The  information  being  generated  by  these  programs  should  be  recognized 
as  being  very  preliminary  in  nature,  and  it  would  not  be  appropriate  to 
compare,  or  even  list,  results  obtained  on  material  properties  or  methods 
of  analysis  at  this  early  stage  of  their  research.-  However,  progress  re¬ 
ports  are  available  In  which  great  quantities  of  information  are  unfolding. 
These  should  be  of  value  for  the  preliminary  trade-off  studies. 


THE  INFLATABLE  SPACE  STATION 

Space  stations  with  large  internal  volumes  and  big  working  spaces 
for  crew  members  are  in  the  planning  stage  for  future  spacecraft.  As  yet, 
there  is  no  approved  national  program  for  such  an  undertaking;  however, 
the  space-station  concept  is  presently  undergoing  an  intense  study8  to 
determine  the  most  effective  time  to  Introduce  this  logical  next  step. 

Goodyear  Aerospace  Ccrporarlon  has  indicated  that  a  manned  space 
station  could  be  placed  in  orbit  in  about  three  years.  The  feasibility 
of  the  space  station  has  been  demonstrated  by  studies  being  performed  by 
several  NASA  centers  and  the  Air  Force,  as  well  as  by  a  number  of  contractors 
in  the  aerospace  Industry.  In  general,  it  has  been  emphasized  that  the 
required  space -station  technology  is  less  demanding  than  that  of  Project 
Apollo.  In  particular,  complex  areas  such  as  navigation,  guidance,  re¬ 
entry  heating,  propulsion  subsystems,  and  lunar  landing  would  be  either 
absent  or  less  stringent  in  their  demands  on  the  space  station. 
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EXPANDABLE  booster -recovery  systems 


The  reusability  of  advanced  booster  systems  typified  by  Advanced  Saturn 
and  Nova  may  become  decisively  important  to  the  logistic  support  given  space 
stations  and  lunar' bases  in  the  not  too  distant  future.  Such  recovery 
schemes  appear  impractical,  however,  with  our  present  multistage  booster 
systems  due  to  the  relatively  low  cost  of  the  Atlas  and  Titan  first  stage 
boosters  and  the  high  cost  of  developing  a  reliable  recovery  system.  Never¬ 
theless,  the  picture  changes  drastically,  once  the  booster  becomes  an  ex¬ 
pensive,  one  stage  vehicle  having  12  or  so  engines  of  large  size;  and,  the 
Initial  costs  of  the  recovery  system  are  amortized  over  the  entire  life  of 
the  reusable  boosters.  These  considerations  have  prompted  a  number  of  aero¬ 
space  companies  to  make  a  careful  evaluation  of  the  cost  trade-cffs  involved. 

Thus,  many  expandable  recovery  schemes  have  come  under  study.  These 
include  parachutes,  integral  inflated  wings,  paragliders,  and  inflated  drag 
cones.  The  latter  method,  namely,  the  inflatable,  blunt-body  drag  cone 
shown  in  Figure  10  has  been  under  study  by  Douglas1^  for  several  years.- 
This  is  an  extremely  large  inflatable  structure  whose  diameter  of  325  feet 
and  height  of  226  feet  makes  it  several  times  larger  than  the  inflatable 
space  station  referred  to  earlier.  The  recovery  system,  as  proposed  by 
Douglas,  weighs  approximately  107.000  pounds  and  would  be  composed  of  two 
distinct  structural  sections.- 

A  "wrap-around"  nose  section  is  to  be  composed  of  an  Airmat  material 
using  either  Rene'  41  or  304  stainless-steel  wire  cloth  impregnated  with  a 
high  temperature  silicone  elastomer.  The  Airmat-tvpe  material  is  used  to 
assure  that  the  required  conical  nose  shape  will  be  retained.-  It  is  pro¬ 
posed  that  this  nose  portion  be  expendable;  thus,  the  materials  in  the  Air- 
nat  would  be  subjected  to  the  1500°F  re-entry  conuitions  only  once.  Prior 
to  deployment,  the  Airtnat  nose  section  would  be  packaged  in  an  aft  canister 
centrally  positioned  amongst  the  engine  thrust  chambers. 

The  second  section  of  the  drag  cone  is  proposed  to  be  a  single-wall 
coated  fabric  made  from  Dacron  and  coated  with  a  silicone  of  low  permea¬ 
bility.-  This  would  be  a  reusable  section  that  is  stored  in  an  annular  com¬ 
partment  at  the  aft  edge  of  the  booster  skirt  extension.  When  deployed, 

the  single-wall  section  would  be  protected  by  the  Airmat  heatshield.  It 
would  take  the  shape  of  a  large  torus  (8  million  cubic  feet)  having  a  cen¬ 
tral,  cylindrical  pocket  for  holding  the  booster  securely  in  place.-  Douglas 
has  given  the  appropriate  name,  ROOST,  to  the  systems  concept. 

The  drag  cone  has  a  built-in  "sky  hook"  buoyancy  feature  that  enables 
the  recovered  booster  and  cone  tc  become  aerostatically  buoyant  at  2000  feet 
altitude.  This  feature  is  developed  in  the  system  by  flowing  a  hot  gas 
(hydrogen  or  helium  at  400°F)  into  the  inflated  drag  cone  by  means  of  a 
combustor-heater  handling  25  to  55  pounds  of  gas  per  second.  Gradual  des¬ 
cent  of  the  vehicle  from  the  2000-toot  buoyant  altitude  to  earth  occurs  in 

about  15  minutes  as  the  bag  cools  off.-  Impact  is  no  more  than  2.5  fps. 

Without  the  buoyancy  feature  of  the  hot  gases,  impact  would  be  130  fps  or 
higher..  Schemes  for  making  recovery  on  either  land  or  sea,  including  the 
operations  for  returning  the  vehicle  to  the  assembly  area,  have  been  studied 
rather  completely  by  Douglas. 
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Minneapolis  Honeywell  is  presently  under  contract  to  NASA  to  study  a 
somewhat  different  concept  for  the  hot-air  balloon  recovery  system.  This 
system,  as  presently  conceived,  resembles  a  large  open-mouth  super-pressure 
balloon  300  feet  high  and  containing  about  IS  million  cubic  feet  of  hot 
air  that  rises  from  heaters  into  the  open  balloon.  The  recovery  system  is 
to  consist  of  a  parachute  deceleration  scheme,  an  array  of  gas  burners  for 
heating  air  to  inflate  hi  sustain  the  balloon,  the  large  balloon  itself, 
and  either  an  automatic  or  remote  control  system  to  regulate  both  the  se¬ 
quence  of  events  and  the  g.,s  burners  that  heat  the  air.  The  final  recovery 
procedure  is  similar  to  that  of  the  Douglas  concept  in  that  descent  is 
controlled  by  regulation  of  the  inflation  air  temperature.  The  system  can  be 
towed  to  a  suitable  recovery  area  using  helicopters,  according  to  Honeywell. 

SEMI-RIGID  CONFIGURATIONS  AND  RELATED  MATERIALS 


DEFINITIONS 

Senu-rigid  expandable  structures  may  be  classified  as  those  configura¬ 
tions  which  change  either  shape  or  volume  bv  movements  of  rigid  panels, 
sections,  or  modules.  This  classification  includes  both  manned  and  unmanned 
concepts  ranging  from  those  of  pivoting  panels  in  the  sunflower  solar  col¬ 
lectors  Co  those  of  sclf-crecting  space  stations  composed  of  both  rigid 
modules  and  flexible  interconnecting  structure.-  Due  to  the  predominance  of 
rigid  elements,  the  semi-rigid  structures  are  packaged  according  to  the  nat¬ 
ure  of  their  sectioning,  and,  in  general,  the  expansion  ratios  (as  defined 
earlier)  are  small,  that  is,  less  than  10. 

The  rigid  members  of  the  semi-r.'gid  concept  may  be  of  either  metallic 
or  nou-motallic  construction.  The  final  choice  of  structural  materials  will 
usually  be  based  on  a  minimum  weight  criterion;  however,  the  familiar 
scrength-to-weight  relations  may  be  overshadowed  by  considerations  of  envi¬ 
ronmental  effects  or  structural  instability.  Furthermore,  for  the  manned 
vehicles,  major  problems  to  be  considered  will  be  that  of  providing  wall 
ctoss  sections  that  show  a  good  measure  of  resistance  to  meteoroid  damage, 
shielding  against  penetrating  radiation,  and  adaptability  to  passive  and 
active  thermal  control. 


RIGID-WALL  CONCEPTS 

The  rigid-wail  concepts  that  may  be  ascribed  to  expandable  spacecraft 
will,  of  course,  vary  considerably  in  complexity  depending  nn  their  struc¬ 
tural  ami/or  protective  function.  Probably  the  least  complex  wall  section 
would  be  that  of  the  deployable  petals  on  a  sunflower  solar  collector. 

These  petals  may  be  constructed  of  nothing  more  than  a  sheet  of  single¬ 
thickness  material  having  a  highly  reflective  surface  coating.  A  somewhat 
more  complex  structural  requirement  is  that  of  the  hinged  panels  for  sup¬ 
porting  arrays  of  solar  cells  in  the  scientific  satellites  typified  by  Mari¬ 
ner,  Ranger,  Surveyor,  Voyager,  and  Nimbus.  In  these  latter  applications, 
emphasis  is  placed  on  finding  structural  panels  which  display  high  rigidity^ 
to-weight  characteristics.  As  a  result,  most  of  the  solar-cell  panels  now 
in  use  are  constructed  of  honeycomb  or  truss-core  sandwiches. 
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The  extremes  in  rig.’d-wall  complexity  will  undoubtedly  be  associated 
with  the  space-station  modules  within  which  crew  members  will  be  asked  to 
reside  for  long  periods  of  time.  In  the  manned  module  application,  It 
appears  imperative  that  some  form  of  multiwall  construction  be  provided 
for  handling  the  dual  role  of  structural  load-path  and  environment  attenua¬ 
tion.  A  number  of  such  composites  are  shown  in  Figure  11.  The  first  com¬ 
posite  shown  is  a  typical  wall  concept  in  which  polymeric  materials  have 
been  used  in  combination  with  metals  (or  possibly  rigid,  reinforced  plas¬ 
tics)  to  give  an  efficient  design.  Either  a  prefoamed  polyurethane  (1.0 
to  1.5  cu  ft/lb)  or  a  super- insulation  is  employed  here  to  serve  several 
functions,  namely,  thermal  Insulation,  meteoroid  bumper,  and  radiation 
shield.  Some  structural  rigidity  would  also  be  introduced  by  the  foam 
w^eii  though  the  structural  function  will  be  primarily  relegated  to  the 
sandwich  construction.  The  merits  of  lightweight  foam  materials  used  in 
various  meteoroid  bumper  arrangements  have  been  studied  extensively  by 
General  Dynamics,  Goodyear^  and  Normro^,  and  these  materials  hold  good 
promise  for  meteoroid  protection  schemes. 

The  other  rigid-wall  concepts  in  Figure  11  are  shown,  for  simplicity, 
without  the  outer  protection  system.  For  some  applications,  this  may  be 
all  that  is  actually  needed.  That  is,  the  primary  structure  may  be  able  to 
give  the  desired  degree  of  protection  from  the  hazardous  environment  with 
only  a  slight  off-optimum  structural  (load  carrying)  arrangement.  By  con¬ 
straining  the  cross-section  dimensions  tn  meet  the  requirements  for  pene¬ 
tration  resistance  (meteoroids^  and  radiation^) ,  and  by  using  an  ortho¬ 
tropic  core  sandwich  as  a  heat  exchanger,  it  may  be  possible  to  handle  both 
structural  and  protective  functions  efficiently.  Parametric  design  charts 
for  such  "constrained  designs"  have  been  developed  by  Aeronutronic  for 
flat  panelsl®>^>20  and  cylindrical  shells**  having  single-truss,  double¬ 
truss  and  corrugated-core  sandw.ch  construction. 

Each  of  the  wall  cross  sections  shown  in  the  Figure  will  display 
"efficiency  factors"  that  vary  considerably  with  the  magnitude  of  the  en¬ 
vironmental  constraints.  Therefore,  depending  on  the  design  loads  and 
level  of  protection  desired  from  the  environment,  these  wall  concepts  may 
interchange  their  "efficfency"  ranking. 


SCIENTIFIC  SPACECRAFT  AND  SOLAR  PANELS 

The  unmanned  scientific  satellites  typified  by  Mariner,  Ranger,  Sur¬ 
veyor,  Voyager,  and  Nimbus  have  shown  the  importance  of  changing  either 
size  or  shape  in  order  to  deploy  arrays  of  solar  cells,  and  thus,  benefit 
from  the  "free-energy"  supplied  by  solar  radiation.  In  these  craft,  the 
need  for  adequate  power  for  long-term  operation  of  scientific  gear,  has 
dictated  the  use  of  deployable  concepts.  Structural  deployment  must  be 
used  regardless  of  the  fact  that  such  structural  complexity  inherently 
introduces  problems  in  both  reliability  and  structural  response.  A  typi¬ 
cal  scheme  for  solar  panel  deployment,  as  used  bn  the  Ranger  spacecraft, 
is  shown  by  an  artist's  conception  in  Figure  12.  In  thes?  semi-rigid 
scientific  craft,  the  need  for  structural  panels  having  high  strength  and 
high  stiffness  to  support  the  solar  cells  and  related  equipment  is  apparent. 
Sandwich  construction  appears  to  satisfy  the  structural  requirement;  however, 
the  introduction  of  joints  and  fittings  into  these  sandwich  materials,  and 
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FIGURE  11.  RIGID  COMPOSITE  WALL  CONCEPTS 


I 


FIGURE  12.  SOLAR  PANEL  DEPLOYMENT  ON 


RANGER 


the  overall  problem  of  bonding  the  facings  to  a  core, hinders  a  straight¬ 
forward  development  of  panel  designs.  That  is,  the  added  weights  asso¬ 
ciated  with  joints,  fittings,  and  adhesives  in  sandwich  materials  can 
often  become  an  appreciable  percentage  of  the  overall  panel  weight. 

The  truss-core  and  honeycomb- core  sandwich  designs  displayed  earlier 
in  Figure  11  arc  now  being  applied  to  solar  panel  construction.  However, 
the  single-facing  sandwiches  (open-face  type),  having  stiffening  comprised 
of  either  integral  waffles  formed  by  the  chem-mill  process  or  built-up 
schemes,  are  attracting  attention.  The  development  of  the  solar  panels 
for  Mariner  2  is  typical  of  the  lightweight  construction  that  can  be 
achieved.  These  structural  panels  were  built  by  Ryan  Aeronautical,  using 
spot-welded  aluminum  alloy  sandwich.  The  orthotropic  core  (longitudinal 
webs)  sandwich  was  employed  to  give  the  high  flexural  rigidity  needed  in 
the  longitudinal  direction.:  This  type  of  construction  is  generally  most 
efficient  when  bending  moments  predominate  in  one  direction,  as  in  the 
sola’-  panel  application.  The  webbed-core  and  truss-core  not  only  stabilize 
the  facing  sheets  and  provide  shear  stiffness,  but  they  also  carry  large 
share  of  the  compressive  load  running  parallel  to  the  core  elements..  The 
fact  that  the  longitudinal  core  material  is  effective  in  carrying  compressive 
loads  permits  the  use  of  a  denser  core  than  that  employed  In  the  honeycomb- 
core  sandwich In  the  honeycomb-core  sandwich,  the  core  material  is  not  fully 
effective  in  carrying  the  loads  In  a  cantilever  beam,  and  an  excess  in  core 
density  can  introduce  serious  weight  penalties.- 

The  high  vacuum  of  space  may  present  problems  in  the  select1' on  of  both 
bearing  materials  and  lubricants  for  the  pivot  points  on  solar  panels..  It 
is  recognized  that  chemisorbed  gases,  including  water  vapor  and  oxide  films, 
play  an  important  role  in  friction.:  Once  these  are  removed,  localized 
"cold-welding"  may  result  ill  seizing  or  galling  of  any  metal-to-metal  rub¬ 
bing  contact,  providing  the  contact  force  is  sufficiently  high.  Further¬ 
more,  1  nbrlcatioti  of  such  moving  or  sliding  contacts  under  high  vacuum  is 
very  trojblesome.-  It  is  known  that  the  lubricating  properties  of  graphite, 
for  example,  depend  on  the  presence  of  a  chemisorbed  film  of  water  vapor, 

3nd  this  is  lost  even  at  relatively  low  altitudes.  Nevertheless,  it  is 
generally  believed  that  hinged  panel  structures  that  are  deployed  within  a 
few  days  of  launch  should  experience  little  or  no  difficulty.-  Additional 
factors  which  tend  to  minimize  the  bearing  problem  are:  (1)  the  movement 
will  probably  occur  only  once  and  in  an  unidirectional  manner;  (2)  inertia 
considerations  will  dictate  relatively  slow  motions;  and  (3)  due  to  weight¬ 
lessness,  the  bearings  will  be  subjected  to  very  light  loads. 

The  power  demands  of  most  present-day  scientific  satellites  are  re¬ 
latively  small  (less  than  watts);  however,  power  requirements  can  be 
expected  to  increase  sharply  Into  the  multikilowatt  range  for  sophisticated 
probes  now  in  the  planning  stage  and  manned  vehicles  beginning  with 
Apollo.  It  has  been  estimated  that  about  30,000  silicon-type  solar  cells 
would  be  required  to  make  an  array  producing  only  1  kilowatt  of  power. 

The  array  would  cover  about  100  square  feet  of  panel  surface,  and  the  result¬ 
ing  solar  panel  would  weigh  at  least  100  pounds.  These  rigid  panel  arrays 
would  not  only  be  complex  and  heavy,  but  they  would  be  quite  cumbersome  to 
package.  A  possible  solution  to  this  problem  is  now  being  studied  by  NASA 
and  their  contractors22,  whereby  large-area  thin-film  solar  cells  having  high 
flexibility  are  under  development.  These  cells  will  have  low  efficiency; 
however,  they  can  be  rolled  up  or  folded  into  small  volumes.  Furthermore, 


Che  evaporation  process  used  to  make  these  flexible  cells  is  simple  and  very 
adaptable  to  large  areas.  A  1-kilowutt  tl. in-film  radmium  sulphide  cell  array 
of  the  flexible  type  is  est  muted  to  weipl  about  70  pounds.;  Therefore,  this 
..ppeirs  to  be  an  important  area  in  which  flexible  concepts  can  be  expected  to 
replace  senu-tigid  concept:,  in  the  neir  futute. 


PUTAL-T.fi:  S01AR  COLLKCTORS  OK  ANTiiNNAS 

Solai  collet  tors  witii  diameters  ringing  between  1 A  ei-j  SO  feet  are  now  in 
botn  the  pluming  at.:  development  stages.  Most  >!  tliese  designs  are  to  be 
adapt  iblc  to  i.t.ier  the  present  ..i  lent  t  fie  s.tellite1  cr  the  earl)  manned  ve- 
li.i  If.  beginiung  with  Apollo.  The  petal-type  collectors  present  structural 
pronlems  tint  ire  . mu  1  lr  ■■  n  nature  to  those  of  the  solar  panel;  however,  many 
more  panel:  and  ptv  its  me  involved,,  which  complicates  the  precise  alignment 
of  re.Kclive  elements  up  m  a.  plovmept  .  In  liiest  collectors,  the  1  cgimteuc 
and  dimensional  tolerances  mast  be  carefully  controlled,  since  slight  surface 
:rn  u.  la :  .  5  .  e.:  can  result  in  significant  urops  in  reflective  efficients.  The 
ruteri.ls  considerations  that  ,.11  be  involved  in  tlie  development  of  solar 
>.  elector  concepts  nu  lude 

'if  heirinr  in.l  lubm  .lion  nuteriils  subjected  t space  environment.; 

i  3  '■  Dimension..;  tibiltlv  el  ;  ae  inllector  "vterials  during  a  me,  - 
l  i  tude  ,ol  theimil  evt  les  between  sigh  ..id  low  tempera’  ares  ., 

3  >  >e,T  nl.it  *or  ol  the  .pilltv  of  tne  re'lectivi  suriace  uuc  tc 
ne.tvoiitic  dust,  meLeotoiJ  penetr  it  con sputtering,  and 
i  e  i  .end  :  u-t  ors 

(s  heir.Uitie:'  ot  erected  structural  components  under  space 
cm.  .  i  am  &  lit  . 

A  typical  pet  il-tvpe  solar  collector  is  d. splayed  in  Figaro  13.  As  indi¬ 
cated  by  this  dr  twin,,,  most  selir  collectors  will  be  employed  in  a  space  power 
convi  rsion  system  in  which  t  Ik  solar  eiicrgv  :  .  focused  onto  a  boiler  unit. 

The  space  power  pi  mt  siiown  here  is  that  of  a  15-foot  diameter,  1.5-kilowatt 
concept  patterned  after  an  existing  unit,  designed  and  fabricated  bv  Ryan 
Aeronautical  Compan..:  The  mirror  petals  are  of  very  lightweight,  resistance 
welded  construction  using  aluminum  alloys.  Tne  stiffening  used  on  these 
petals  by  Rvan  is  thil  ol  an  open  truss-wors  giving  localized  stiffening  im¬ 
mediately  behind  the  pinel.s  and  an  overall  adjustable  lattice-work  that  forms 
into  •  rigid  system  of  Warien  trusses  to  give  j  paraboloid  shape  upon  full 
Jep  1  ovmcnt  .- 

A  large  3’’ -foot  diameter  sunflower  collector  ,s  now  being  constructed 
by  Thompson  Rumo  Wooldridge,  Inc.,  It  is  estimated  that  their  overall  col¬ 
lector  system  will  weigh  700  pounds,  however,  the  structural  weight  of  the 
parabolic  dish  will  be  only  143  po.mds  .•  The  system  is  designed  to  deliver 
3  kilowatts  of  power  lor  a  period  of  one  year.  The  large  paraboloid  can 
be  folded  during  launch  by  rotating  and  skewing  each  petal  about  an  individ¬ 
ual  hinge  line  so  that  the  petals  overlap  and  form  a  cylindrical  package 
10  leet  in  diameter.-  Upon  deployment,  the  configuration  is  spread  out 
in  an  umbrella  fashion.  The  rigid  petals  of  this  design  consist  of 
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3-mil  aluminum  skin  bonded  to  a  honeycomb  core  of  1/2  inch  depth.  The  con¬ 
cave  surface  of  each  petal  is  tormed  to  hold  the  shape  of  a  segment  of  a 
paraboloid.  A  centrally  mounted  tubular  framework  holds  a  boiler  system  at 
the  focus  point  so  as  to  receive  the  concentrated  solar  energy  reflected 
from  the  highly  polished  surfaces.. 

A  number  of  collectors  of  a  similar  nature  are  being  developed  by 
other  contractors.  However,  each  of  these  contractors  are  using  a  slightly 
different  scheme  for  petal  construction  and  deployment,  General  Electric 
Company  has  developed  petal-tvpe  collectors  similar  to  the  above  in  which 
conventional  sandwich  materials  are  used  for  the  petal  elements.  Electro- 
Optica!  Systems,  Inc.,  on  the  other  hand,  is  fabricating  petals  for  their 
design  from  thin  nickel  sheet  by  the  cl*’*'*  oforming  process.  An  overcoating 
ot  aluminum  is  then  applied  to  this  dt  sign  to  give  the  desired  reflectivity.; 
The  Allison  Division  of  General  Motor*  is  experimenting  with  a  4-foot  dia¬ 
meter  reflector  ol  a  radicailv  different  t'pe.  They  are  using  the  Fresnel 
corcept,  winch  resembles  a  serrated  flat  pla:e  that  car.  je  easi!”  folded 
into  a  compact  package .  After  deployment ,  the  serrations  impart  rigidity 
into  tlie  flat  uisk  reflector.  The  unit  is  made  by  depositing  nickel  films 
onto  a  master,;  which  in  turn  is  coated  bv  a  r ■  fleeting  surface  of  aluminum. 


MANNED -TRAINER  AND  I.ABORATORY  SPACECRAFT 

The  Mercury,,  Gemini,-  X-15,.  Dyna-Soar,  and  Apollo  programs  have  already 
tieen  initiated  lo  ident  i  f'  and  determine  practical  solutions  to  the  problems 
of  manned  space  flight.  The  Mercury  program  is  completed,  and  the  X-15  pro¬ 
gram  is  now  in  the  advanced  phasc-a  of  flight  rest-arch.,  Both  of  these  pro¬ 
grams  have  provided  valuable  data  for  future  warned  space  flights.  The 
Gemini,;  Dyna-Soar, ;  and  Apollo  programs  are  at  various  stages  of  their  funded 
programs,;  but  actual  flights  appear  to  be  some  mcaths  or  years  away.- 

Each  of  trie  above  programs  have  been  planned  so  a«  to  obtain  definitive 
information  relative  to  man’s  ability  to  cope  with  net  problems  in  a  strange 
environment,  as  well  at>  to  test  the  structural  inte./ity  of  the  craft  in¬ 
volved.  Although  roar,  of  the  anticipated  condition--  may  be  simulated  in 
terrestrial  laboratories,  it  has  been  found  desirabli  to  establish  how  well 
man  and  structure  can  perform  over  extended  periods  cf  weightlessness  and 
amidst  the  simultaneous  onslaught  of  the  total  space  .0  /ironment.  This  is 
especially  important  in  considering  any  duty  cycle  cr  single  task  that  may 
be  required  oi  an  astronaut  in  the  more  advanced,  expandable,  space  systems.- 
To  supply  answers  and  to  avert  what  may  prove  to  be  impot'-ible  assignments 
with  regard  to  manned  expandable  spacecraft,  additional  programs  will  be 
required  to  provide  information  prior  to  the  final  desigu  phase  of  any  major 
space-station  venture.  These  intermediate  programs  will  require  the  use  of 
"trainer  vehicles"  or  "flight  test  craft"  whose  designr  are  -ased  to  a  m-jor 
extent  on  existing  capability  and  state-of-the-art  fubri.ation  teenniques, 
thereby  meeting  the  earliest  possible  launch  date. 

A  number  of  trainer-craft  have  been  proposed  by  ind.  cry,  and  a  typical 
trainer-concept  under  study  by  Aeronutronic23  is  shown  in  Figure  14.  Here, 
a  trainer-module  (or  mission-module)  adapted  to  the  Mercury  tT.pjule  is  illus¬ 
trated;  however,  a  similar  configuration  can  be  envisioned  for  the  two-man 
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Gemini  capsule.  The  orbital  orientation  of  the  craft  is  shown  in  which  a 
sealed  passage  is  formed  between  the  Mercury  hatch  and  the  module.  This 
orientation  is  achieved  by  a  relative  rotation  of  the  craft  from  the  initial 
tandem  arrangement  employed  during  boost.  Thus,  it  would  be  possible  for 
an  astronaut  to  enter  the  module  and  undertake  a  predetermined  set  of  tasks 
related  to  an  experimental  program.  As  indicated  in  Figure  15,  it  is  envi¬ 
sioned  that  the  trainer -module  will  be  adaptable  to  the  performance  of 
advanced  expandable  structure  studies  whereby  the  mechanics  of  deploying, 
sealing,  and  rigidizing  structures  can  be  observed  and  evaluated..  Further¬ 
more,  for  those  experiments  and  structural  evaluations  requiring  measure¬ 
ments  over  extended  periods  of  time,  both  the  expanded  structure  and  mission 
module  could  be  left  m  orbit.  In  this  case,  the  astronaut  would  return  to 
the  re-entry  capsule,  disengage,  and  return  to  earth  using  re-entry  tech¬ 
niques  already  developed.  Structural  evaluations  and  the  retrieval  of  struc¬ 
tural  and  material  specimens  from  the  orbiting  craft  would  then  be  made  at 
a  later  date  by  a  second  Mercury  or  Gemini  capsule.  For  such  maneuvers, 
the  orbiting  Modules  would  serve  as  targets  in  trainer  exercises  involving 
rendezvous  and  docking  |U  oredurts  , 

A  much  more  sophisticated  structores/materials  space  laboratory  adapted 
to  an  advanced  three-man  re-entry  capsule  is  illustrated  in  Figure  16.  Lab¬ 
oratories  and/or  work  shops  similar  in  nature  to  this  configuration  may  be 
envisioned  for  in-orbit  inspection  and  component  checkout  during  the  assem¬ 
bly  of  large  space  stations  or  interplanetary  crafL.  The  vehicle  shown  in 
the  figure  is  performing  studies  related  to  the  merits  of  a  semi-rigid  con¬ 
cept  which  employs  diametral  expansion.  These  evaluations  can  be  visualized 
to  include  the  mechanics  of  deploying  a  new  concept  such  as  the  "shingle" 
design  shown  here,  the  merits  of  new  sealing  schemes,  the  attenuation  ability 
ot  structural  arrangements  or  shielding  methods,  and  possibly,  the  evaluation 
of  composites  for  "self-sealing"  penetrations  by  meteoroids. 


TELESCOPING  SPACECRAFT 

The  telescoping  concept  for  deploying  semi-rigid  spacecraft  is  adapt¬ 
able  to  a  variety  ot  module  cross-sectional  shapes  (rectangular,  hexagonal, 
cylindrical,  etc.);'  however,  in  the  application  of  this  concept  the  cylin¬ 
drical  construction  has  received  preference.  Undoubtedly,  this  preference 
stems  from  the  fact  that  the  cylindrical  module,  for  a  given  length  and 
internal  volume,  presents  a  minimum  surface  area  to  the  hazardous  space  envi¬ 
ronment.  Furthermore,  the  cylinder  displays  a  number  of  other  design  advan¬ 
tages,  These  include:  (1)  an  external  shape  readily  adaptable  to  booster 
vehicles;  (2)  a  surface  of  revolution  easily  machined,  fabricated,  and 
stiffened;  (3)  a  surface  free  of  irregularities  which,  if  present,  would 
complicate  stress  analysis;  and  (4)  an  efficient  configuration  having  uni¬ 
form  moment  of  inertia. 

The  telescoping  concept,  regardless  of  the  cross-sectional  shape  of  the 
module,  is  adaptable  to  rigid  sections  of  either  metallic  or  reinforced  plas¬ 
tic  construction.  Rigid  construction  using  sandwich  composites,  filament 
wound  plastics,  etc.,  is  not  far  removed  from  that  now  being  employed  in  air¬ 
craft  fuselage  and  missile  tankage  stiuctures.  Therefore,  expandable  con¬ 
cepts  making  use  of  rigid  sections  show  premise  for  early  successful  utili¬ 
zation  in  deployable  spacecraft. 
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A  structural  concept  which  has  been  under  study  at  Aeronutronic  for 
deploying  a  rather  simple  rotating  space  station  is  illustrated  in  Figure  17. 
This  concept,  referred  to  as  the  Rotating  Di-ubbell,  is  100  feet  in  diameter, 
weighs  17,000  pounds,  and  acconmodates  6  men.  As  indicated,  the  concept 
uses  the  telescoping  feature  throughout.  Including  the  passageway  booms  and 
the  large-diameter  laboratory  modules .  No  flexing,  folding,  or  hinging  is 
required  in  the  concept;'  therefore,  the  packaging  and  deployment  will  be  in 
the  simplest  form  possible  for  rigid  sections.  Furthermore,  the  simple  proc¬ 
ess  of  packaging  is  adaptable  to  the  recollapse  of  such  spacecraft.  This 
may  well  prove  to  be  an  important  feature  during  an  intense  solar  flare  or 
meteoroid  storm..  That  is,  all  available  material  could  be  used  to  hastily 
proviue  a  multiwall  storm  cellar  for  prntection  against  such  occurrences 
which  could  be  catastrophic. 

The  deployment  of  the  telescoping  concept  is  amenable  to  erection  by 
gas  pressure  and/or  mechanical  means..  Gas  leakage  during  pressure  erection 
can  be  held  to  a  very  low  level  by  relatively  inefficient  seals,  since  de¬ 
ployment  times  and  erection  pressures  will  be  very  small.  After  full  de¬ 
ployment,  highly  efficient,  positive  seals  would  be  engaged  at  the  overlap 
of  each  module  so  as  to  provide  the  necessary  level  of  cabin  sealing  for 
extended  mission  times.  Tne  rigid-wall  cross  sections  displayed  in  Figure 
11  are  applicable  to  the  telescoping  modules;  however,  additional  rigidity 
in  the  form  ring  stiffeners  may  be  required  at  the  mating  ends  of  each 
module.  The  requirement  for  load  transfer  across  the  overlap  joints  and 
tile  need  for  minimum  distortion  at  the  annular  seals  governs  the  design  of 
these  stiffening  members. 

A  joint  arid  wall  concept  that  minimizes  the  need  for  heavy  ring- 
stiffener  designs  is  shown  in  the  fully  deployed  position  in  Figure  18., 

This  concept  may  be  considered  typical  of  that  required  of  the  passageway 
booms  in  the  Rotating  Dumbbell.  Here,  the  construction  is  primarily  chosen 
to  satisfy  requirements  for  thermal  control  and  meteoroid  shielding.  Double¬ 
wall  construction,  without  internal  stiffening,  is  used  with  an  aluminized 
Mylar  superinsulation  deployed  (by  unfolding)  between  the  walls  during  vehi¬ 
cle  expansion..  The  inner  wall  provides  the  pressure  boundary  for  the  vehicle 
interior  as  well  as  the  structural  integrity.  As  shown  in  the  figure,  the 
outer  shell  functions  both  as  a  meteoroid  shield  or  bumper  and  a  thermal 
radiator.-  The  radiator  tubes  shown  are  attached  to  a  glycol  heat  exchanger 
system  and  are  an  integral  part  of  the  outer  shell. 

The  Martin  Company  (Denver)  is  now  studying  the  manufacturing  methods 
and  processes  required  in  Lhe  development  of  telescoping  space  structures. 
This  work  is  being  done  under  contract  with  ASD*  and  several  interim 
reports2b,25  are  available.  As  an  end-item  to  this  program,  a  typical  full- 
scale  telescoping  spacecraft  (zero-gravity  type)  will  be  manuiactured  and 
demonstrated.:  This  will  include  deployment  evaluations  under  simulated 
thermal  environments  and  vacuum  conditions. 


*  Contract  AF  33(657) -9733 
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FIGURE  18.  JOINT  AND  HALL  CONCEPT  FOR  TELESCOPING  SPACECRAFT 
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Meteoroid  Bumper 


THE  SELF -ERECTING  SPACE  STATION 

Next  to  the  inflatable  satellites  represented  by  the  Echo  balloon  series, 
the  use  of  expandable  concepts  has  been  more  closely  associated  with  the 
deployment  of  large  rotating  space  stations  than  any  other  configuration. 

The  large  size  of  these  vehicles  obviously  dictates  the  use  of  expandable 
structures  of  either  the  self-erecting  type  or  that  of  assembly-in-orbit 
construction. 

Designs  for  these  large  structural  systems  will  depend  heavily  on  how 
well  technological  developments  on  expandable  structures  accrue  in  the  next 
year  or  two.  That  is,  the  approval  of  this  next  major  step  in  the  national 
space  program  is  not  only  awaiting  results  from  the  preceding  manned  and 
unmanned  space  programs,  but  such  approval  is  also  awaiting  clearer  defini¬ 
tion  of  missions  and  the  feasibility  of  new  structural  concepts. 

During  the  past  several  years,  NASA  has  supported  a  number  of  study 
programs  directed  toward  establishing  the  feasibility  of  designing  a  reli¬ 
able  manned  space  station.  A  summary  of  many  of  these  programs  has  been  made 
available  recently. ^6  jn  this  susnary, emphasis  has  been  placed  on  the  use  of 
semi-rigia  structures  for  space-station  applications.  One  of  the  more 
comprehensive  configuration  studies  was  that  performed  by  Space  Information 
'■ystems  Division  of  North  American  Aviation,  Inc.,  in  which  the  feasibility 
of  deploying  a  number  of  semi-rigid,  self-erecting  space  stations  was 
investigated. 

Originally,  the  self-erecting,  manned  spacecraft  adopted  for  study  was 
similar  to  that  shown  in  Figure  19.  Basically,  this  concept  consisted  of 
six  rigid  cylindrical  modules  joined  by  inflatable  circumferential  passage¬ 
ways  and  arranged,  as  shown,  into  a  100-foot-diameter  hexagonal  torus,  A 
central  hub  was  connected  to  this  ring  by  means  of  three  radial  passageways 
of  inflatable  structure  to  allow  access  from  hub  to  ring.  At  the  hub, 
facilities  were  incorporated  for  docking  two  manned  re-entry  vehicles  of  the 
Apollo  class.  The  configuration  was  to  be  sized  so  as  to  fold  into  a  compact 
payload  in  which  the  rigid  modules  were  individually  rotated  and  tightly 
clustered  into  a  large  cylindrical  package  capable  of  being  launched  by  a 
single  Saturn-class  booster.  Deployment  of  the  space  station  was  to  be  per¬ 
formed  by  a  combination  of  air  pressurization  and  mechanically  actuated 
struts  connecting  the  hub  and  mid-point  of  each  rigid  module. 

Th-s  self-erecting  station  was  employed  to  illustrate  most  of  the 
problems  encountered  in  deploying  complex  space  stations;  however,  as  the 
research  studies  progressed,  a  number  of  more  promising  concepts  were 
uncovered.  Nevertheless,  each  of  these  newer  concepts  retained  the  "spoke" 
or  "wheel"  configuration,  since  it  was  found  desirable  to  keep  the  mass  of  the 
station  essentially  in  the  plane  of  rotation.  In  the  study  by  Space  and  In¬ 
formation  Systems  Division,  it  was  found  advisable  to  eliminate  the  require¬ 
ment  for  exposed  flexible  fabric.  Therefore,  the  inflatable  passageways  were 
replaced  by  telescoping  spokes  which  could  be  retracted  to  one-half  the 
deployed  length  for  packaging.  The  flexible  elbows  between  rigid  modules 
were  replaced  with  a  system  of  compound  hinges  that  enabled  the  modules  to 
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rotate  into  the  stowed  position,  this  arrangement  precluded  deployment  by 
pressurization;  therefore,  a  series  of  mechanical  screw-jack  actuators  were 
located  at  the  joints.  At  full  deployment,  an  airlock  was  engaged  between 
adjacent  modules  to  enable  crew  passage  between  these  peripheral  compartments 

In  addition  to  the  overall  configuration  studies  described  above,  consid 
erable  effort  has  been  expended  in  the  area  of  structural  wall  requirements 
and  the  related  areas  of  materials  and  fabrication  techniques.  Much  of  this 
work  is  also  included  in  Reference  26.  The  conclusions  reached  in  these  pro¬ 
grams  emphasize  the  uncertainties  that  exist  in  the  structural  design  of 
spacecraft  due  to  the  limited  knowledge  of  the  space  environment.  That  is, 
the  structural  design  and  related  weight  of  the  space  station  is  determined 
by  the  protection  required  against  an  environment  that  is  very  poorly 
defined.  The  wall  cross  section  labeled  (A)  in  Figure  11  is  typical  of  that 
proposed  from  the  results  of  these  studies. 


THE  ASSEMBLY-IN-SPACE  VEHICLES 

The  in-orbit  assembly  of  a  large  manned  space  station  or  interplanetary 
vehicle  will,  without  question,  be  the  culmination  of  man’s  most  complex 
engineering  effort.  This  effort,;  considering  our  present  limit'd  knowledge 
of  space  and  its  effects,;  not  to  mention  booster  capability,  must  then  be 
placed  at  the  extreme  of  the  time-scale  shown  earlier  in  Figure  1.  Never¬ 
theless,  a  number  of  basic  design  concepts  have  already  bean  studied  in 
considerable  detail  by  industry.  Typical  of  these  concepts  is  that  proposed 
for  an  advanced  modular  design‘d  by  Lockheed's  Missile  and  Space  Division. 

A  simplified  sketch  of  this  configuration  was  shown  in  Figure  1.  This 
assembled-in-space  concept  has  the  distinction  of  being  granted  the  first 
space-station  patent  by  the  U.S.  Patent  Office..  Two  rigid  module  shapes 
comprise  the  essential  elements  of  the  Lockheed  design.  These  consist  of 
cylindrical  sections  10  feet  In  diameter  by  30  feet  in  length,  and  spheres 
18  feet  in  diameter.  Double-wall  construction  with  longitudinal  stiffening 
was  employed  for  aii  cylindrical  sections,  and  honeycomb  sandwich  was  used 
for  the  spherical  elements.  The  predominant  material  of  construction  was 
selected  to  be  aluminum  alloy.  Assembly  of  the  station,  as  proposed,  would 
require  the  use  of  an  "Astrotug"  which  is  also  under  study  by  Lockheed. 

This  smaller  cratt  is  a  manned  utility  mover  used  for  gathering  up  and 
coupling  the  several  orbiting  components  so  as  to  form  the  station.  The 
main  body  of  the  assembled  station  is  conceived  to  be  about  94  feet  wide 
and  108  feet  long, 

Another  application  of  the  assembly-in-space  technique  is  that  of  con¬ 
structing  large  interplanetary  vehicles  similar  to  that  illustrated  in 
Figure  20.  This  is  a  structural  concept  that  was  conceived  by  Aeronutronic 
for  a  six-man  interplanetary  spacecraft  capable  of  an  early  (1970-72  time 
period)  round  trip  expedition  to  the  vicinity  of  Mars  and/or  Venus.;  Such 
a  trip  would  take  approximately  one  year  to  complete;  therefore,  the  design 
of  any  concept  of  this  type  will  be  strongly  influenced  by  the  natural  haz¬ 
ards  of  the  space  environment.;  The  possibility  of  encountering  a  solar  flare 
or  meteoroid  storm  during  this  long  mission  will  undoubtedly  have  a  profound 
effect  on  the  structural  wall  requirements  and/or  the  arrangement  of  struc¬ 
tural  components  so  as  to  give  a  maximum  level  of  shielding  from  these  haz¬ 
ards.-  Furthermore,  if  man  proves  incapable  of  adapting  himself  to  periods 
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FIGURE  20.  TIE  ASSEMBLY-IN-SPACE  VEHICLE 
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of  prolonged  weightlessness,  then  It  will  be  necessary  to  Incorporate  the 
rotational  features  of  a  space  station  to  provide  some  degree  of  artificial 
gravity. 

The  conflgu-'^on  shown  in  Figure  20  reflects  the  stringent  demands 
described  above..  The  striped  living  modules  are  located  at  a  radius  of  about 
40  feet  from  the  centerline  of  the  vehicle,  and  the  assembled  vehicle  is 
rotated  to  induce  the  desired  "g"  force.  A  storm-cellar  (not  clearly  shown 
in  the  Figure)  is  located  on  the  centerline  and  somewhat  aft  of  the  peripheral 
living  modules.  This  orients  the  ttorm-cellar  at  the  center  of  a  pressure- 
vessel  cluster,  thus  providing  maximum  security.  Inte-connecting  tunnels 
would,  of  course,  provide  the  necessary  passageways. 

As  can  be  noted  from  the  Figure,  the  greater  mass  of  this  interplanetary 
vehicle  is  composed  of  large  tankage  structure.  This  is  due  to  the  tremen¬ 
dous  requirements  for  cryogenic  propellant  storage.  Therefore,  large  weight 
savings  can  be  realized  through:  (1)  good  tank  design,  (2)  csreful  selec¬ 
tion  and  installation  of  insulations,  (3)  proper  vehicle  orientation  with 
respect  to  the  sun,  and  (4)  use  of  long-life,  spectrally  selected  coatings 
on  the  external  tank  surfaces  to  provide  a  low  a/e  ratio.* 

The  magnitude  of  the  mas  js  required  In  this  vehicle  clearly  delineate 
the  need  for  multiple  launch  capability.  Presumably,  either  the  Nova  or 
C-5  vehicles  would  be  required  to  meet  the  individual  component -pay load 
requirements.  The  cost  of  these  systems  dictates  capful  studies  to  maxi¬ 
mize  payloads  and  minimize  the  number  of  launches  required. 


*  Ratio  of  absorptivity  to  emlsslvity  of  coatings. 
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SlJMtARY  AND 
CONCLUDING  REMARKS 


Booster  capability  has  been  reviewed  front  the  standpoint  of 
evaluating  the  use  of  expandable  concepts  and  the  time-scale  over 
which  structural  development  will  take  place.  The  Initial  use  of 
expandable  structures  for  manned  occupancy  was  shown  to  be  opera¬ 
tionally  feasible  at  the  present  time  by  employing  semirigid  con¬ 
cepts  in  conjunction  with  a  man-proven  re-entry  system.  The  or¬ 
biting  of  multiman,  rotating  space-stations,  on  the  other  hand, 
must  await  the  operational  use  of  the  Saturn  boosters.  With  the 
Advanced  Saturn  and  Nova  vehicles  becoming  operational  in  the  late 
sixties,  it  was  shown  that  assembly  in  orbit  becomes  feasible 
using  multi -ton  components. 

For  a  manned  operational  mission,  the  paper  has  emphasized 
that  the  expandable  spacecraft  ha3  certain  requirements  imposed 
on  it  whL.h  change  its  character  considerably  from  that  of  merely 
a  shape-changing  and/or  mechanical  load-supporting  device.  It 
was  indicated  that  the  expandable  living-modules  oust  be  compatible 
with  the  constraints  imposed  by  the  human  requireiaents  relating  to 
internal  thermal  control,  shielding  against  meteoroids  and  high- 
energy  radiation,  hermetic  integrity,  fail-safe  design,  and  (pos¬ 
sibly)  artificial  gravity  forces  during  extended  periods  of  time 
in  space.  Furthermore,  it  was  shown  that  in  the  design  of  an 
expandable  structure  which  meets  ail  the  requirements,  a  rather 
complex  wall  cross-section  resultr. ..  The  wall  complexity,  in  turn, 
directly  affects  the  methods  of  packaging  and  the  selection  of 
schemes  for  deployment . 

28 

Aeronutronic  has  recently  completed  an  investigation  for 
ASD  under  contract  AF  33(616)-7775  which  establisled  both  the  struc¬ 
tural  and  material  requirements  for  expandable  structures.  This 
investigation  involved  the  development  of  analysis  and  design  tech¬ 
niques,  parametric  studies,  materials  evaluation,  and  typical  con¬ 
figuration  evaluation.  Reference  should  be  made  to  these  results 
for  a  more  detailed  and  comprehensive  study  of  spacecraft  design 
problems . 
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AIRMAT  STRUCTURES  FOR  SP'CB  AS D  UMT1D  '.'A I?  APPLICATIVE 


by  J.  T.  Harris 
Goodyear  ‘erosp.ace  Corporation 


ITfRODUCTlOH 

Since  tne  advent  of  int emotional  attention  to  tne  conquest  of  space. 
every  technology  has  been  scrutinized  repeatedly  in  searrn  of  tne  mjst 
efficient  system  to  perform  each  new  assignment. 

In  wiic  critical  review,  tne  field  of  expandable  structures  nas  received 
considerable  attention.  The  passive  communication  satellite  ocno  I  is  tne 
foremost  working  example  of  this  technology  wnicn,  in  simple  form,  means  tne 
construction  of  a  structure  with  materials  which  are  fold-ble  and  can  be 
deployed  to  their  useful  shape  after  orbit  has  been  achieved. 

Inflatable  structures  are  a  special  case  o'"  this  Lu"er al  class  because 
their  useful  sn’pe  is  maintained  by  internal  pressurization.  irimativo  forms 
of  inflatable  structures:  spheres,  cylinders  and  cones  are  bodies  of  revolu¬ 
tion.  Tne  usefulness  of  these  shapes  is  limited  and  means  for  extending  it 
led  successively  from  connecting  c;  linders  to,  -tiicr  forming  reasonably  flat 
lobe  type  panels  to  completely  woven  panels  called  AIRNAT.  « 

Tnis  construction  is  an  old  weaving  technology  brou;d»t  up-to-date  by 
development  of  new  macninary  and  utilization  of  new  materials  such  as  !fc  ion. 
Dacron  and  metallic  yarns. 


DISCUSSION 


In  the  field  of  space  structures  the  minimum  waitnt,  foldabiiity  .and 
snape  control  of  AlRKAT  has  made  it  a  candidate  material  for  many  unique 
applications. 

Space  Antenna 

Large  lightweight  space  and  lunar  antennae  are  a  prime  requirement 
because  of  the  lonb  distances  and  limited  booster  payloads  involved.  One 
ABL’ftT  approach  to  this  problem  has  been  the  consideration  of  a  pill  box 
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t;'pe  antenna  constructed  of  metallic  AI.1”/T#  Figure  1  shows  •>  scale  model 
prototype  currently  under  evaluation#  It  is  «  three  inch  section  of  a  para¬ 
bolic  c  linder  enclosed  by  two  parallel  planes  consistin'  of  silver  coated 
stainless  stool  woven  mesh  AI-XAT  with  the  foe-1!  ooint  located  at  the  center 
-nd  ed,  e  of  tne  aperauure.  It  Ss  center  fed  ly  an  open  ended  waveguide.  The 
sraeini  Vetwvn  t:.e  crnlie,  w .r: a"  slot.i  sh°ets  is  iold  constant  by  silver 
ejatei  rta5nle's  steel  tarmacs  and  ’s  need  rigid  b-  pressurizing  the  enclosure 
’■it;  air. 

f.o  -jv'nt'.  es  of  sue..  antenna  construction  are  minimum  KOitnt  and  pack- 
•\eabilit  for  l’uncr.  into  space. 

Para;  Ildar 

■-'..L.i=r  n: ■-•'nr-nin  tne  incorr  cracior,  of  4IF1-.AT  Into  a  component  of 
an  inflatable  struct- re  rovided  -distinct  advantages,  occurred  in  an  inflatable 
boonei  Para JLi  ’or.  2.. a  Intersect! ca  of  „ne  inflated  cy  lindrical  booms  and  the 
bee.,  a*,  -.no  "'oex  co..f ronccd  she  design  engineer  wit.i  a  difficult  situation. 

T'i;,uro  2  shows  a  typical  rolution  wherein  the  foldatilit;  of  the  apex  is  main¬ 
tained  b.  red^c  in;  tne  keel  ai  are  ter  prior  to  affecting  tne  attachment  to  the 
curved  v,  j.3x,u:ical  apex.  ?i,  ure  3  shows  the  same  intersection  problem  solved 
by  introducing  an  AlSKfT  apex  wnicn  is  a  smooth  transition  of  tne  three  cylinders 
into  tiie  junction,  f.iis  solution  contrilutea  Substantially  to  the  overall  stiff¬ 
ness  of  the  apex  as  well  as  -exoCv  nnr.ic  smoothness. 

The  P-ra^iidar  concept  h->s  been  considered  for  a  lew .vino  loading  re-entry 
application  as  well  >s  •'trosraeric  recover;  devices  witn  the  primary  difference 
being  materials  of  construction,  in  the  atmospheric  recovery  devices,  conven-  _ 
ticnal  textile  yarns,  such  as  Dacron,  nylon  a  ..j  fiberglass,  --re  acceptable  mater¬ 
ials  v;ri.le  re-entry  applications  will  reouire  metallic  jams,  such  as  stainless 
steel  or  Hene’  !il  to  sustain  tne  he-tix,  effects. 

Weavin;;  Tecnnolojyy 

For  many  years  textile  fiber  /‘IX AT  has  been  available  in  thicknesses  limited 
to  approximated,,  three  Inches  by  mecnanical  limitations  on  the  weaving  equipnent. 
In  order  to  exploit  the  roienti-1  of  this  technology  01 C  developed  an  experimental 
loom  capable  of  producing  aircraft  quality  /IHJ-.'T  material  in  both  textiles  and 
metals  in  thicknesses  up  to  twice  that  commercially  available. 

Eased  upon  tuis  demonstrated  capability,  the  Air  Force  granted  UAC  s  contract 
to  develop  and  construct  a  weaving  facility  capable  of  producing  AIRI&T  in  thick- 
-sses  up  to  eight  feet  and  20  feet  wide  and  to  incorporate  provisions  for  con¬ 
touring  the  cross  section.  Figure  Li  shows  a  view  of  the  facility  pnd  Figure  5 
and  6  show  schematically  a  technological  "breakthrough"  in  the  method  for  produc¬ 
ing  the  drop  yarns  resulting  from  tnis  contractual  effort. 
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DROP  THREADS 


The  basic  principle  involves  entering  the  loom  at  the  weaving  sequence 
where  the  drop  yarns  leave  their  position  in  one  cloth  and  transfer  to  the 
opposite  cloth,  At  this  time  weaving  is  momentarily  discontinued  and  the 
mech  mi  cal  extension  bar  is  introduced  between  the  reed  and  the  finished 
cloth  edge.  This  bar  is  traversed  horizontally  between  the  upper  and  lower 
finished  cloth  to  a  preselected  position  determined  by  the  desired  length 
of  drop  yam.  ft  this  time  the  cloth  vcavin,  is  continued,  thus  locking  this 
length  permanently  into  the  cloth. 

Variati  ;ns  of  mechanical  extension  bar  traversing  arid  bar  shape  can  pro¬ 
duce  infinite  variety  of  AIRMAT  shapes  from  flat  panels,  wedges,  airfoil  sections 
with  s panwise  and  chordwise  taper  to  symmetrical  concave  or  convex  shells. 

Rescue 


Before  the  advent  of  space  interest,  AIRK.'T  was  utilized  in  the  manufac¬ 
ture  of  an  all  fabric  airplane  called  the  INFg/TCFLANE*  whose  only  metal  parts 
were  engine  and  landing  wheel.  The  wing  construction  was  a  constant  section 
of  neoprene  coated  nylon  ’!/U*  .0015  AIFU1AT  ai.  foil,  the  control  surfaces  and 
cockpit  were  fin-  panels  uf  two  inch  thick  nylon  AiHi'/T  and  the  fuselage  was 
a  neoprene  coated  Dacron  fabric  cylindrical  cone. 

One  military,  application  of  tnis  unique  airplane  was  recognized  as  a 
rescue  vehicle  wnich  could  be  air  dropped  to  s trended  personnel.  Tnese  per¬ 
sonnel  could  unpackage  tne  vehicle,  inflate  and  effect  their  own  rescue  by 
flying  out.  Ten  two-place  versions  of  this  airplane  were  delivered  to  the 
military  for  evaluation. 

ground  Sffeu-  Jeep 

Under  the  present  complexion  of  ground  military  vehicle  operation,  terrain 
conditions  are  often  such  that  additional  floatation  would  enhance  mobility 
enormously,  fi  ground  effects  machine  (Gili-l) ,  a  vehicle  which  operates  on  a 
cishion  of  air,  his  been  considered  for  such  operations,  but  the  Dover  require¬ 
ments  and  structural  size  have  been  prohibitive. 

fin  interesting  nppronen  toward  solution  of  this  problem  is  currently 
under  evaluation  at  GAC.  Tt  involves  he  adaptation  of  a  flexible  fabric 
skirt,  to  a  jeep  frame  and  is  shown  in  Figure  7.  A"  inflatable  support  frame 
of  AIRMfT  and  a  fabric  cylinder  were  built  around  the  frame  so  that  toe  struc¬ 
ture  could  be  deflated  and  collapsed  when  not  in  use  and  not  inter*" erewita  toe 
movement  of  tae  jeep  on  narrow  roads  or  throuj  .1  small  openings.  V.nen  inflated, 
it  increases  the  planform  "re3  considerably,’  so  tnzt  low  -ir  cusai-n  pressures 
were  obtained.  The  inflatable  components  also  provide  emergency  flo-tation 
for  ,he  vehicle  in  the  event  of  power  loss  over  water.  To  provide  air  for  toe 
cushion,  a  fan  was  mounted  in  front  and  was  driven  from  toe  .fan  pulley  of  toe 
jeep  engine  so  no  auxiliary  power  plane  was  required. 


*  T.H.  Goodyear  Aerospace  Corporation 
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The  air  cushion  was  restrained  by  a  flexible  curtain  operating  about 
one  inen  off  tlie  ground.  Tne  low  pressure  and  low  operating  height  required 
on  1;.  s  portion  of  the  jeep  engine  power# 

Tae  desist  objective  was  to  remove  most  of  the  weipht  from  the  wheels 
so  the;-  would  not  sink  into  the  soft  ground  and  become  mired  while  maintaining 
er.outu  lo->d  on  than  to  provide  traction  for  propulsion  and  steerin^.  Parametric 
tost  d’t*  in  this  ■>re->  is  being  tenerated. 

•loner'll  Utility 

'bdern  military  operations  arc  constantly  requiring  more  electrical  power, 
over,  -dvanced  outposts  require  more  and  more  power  for  communications.  Gasoline 
covoreu  engine  ,  -’neralor  sets  nave  been  developed  to  a  high  defcree  and  the  UGP-12 
represents  lif.ntwei.  ht  compact  unit.  However,  the  noise  developed  in  its  operation 
is  rnroj  ing  to  sn  operate!  in  constant  proximity  as  well  as  a  hazard  because  of 
easy  enemy  detection  in  advanced  xocations.  Rigid  sound  insulation  would  add  con¬ 
siderably  tc  tiie  ?»cknte  bulk  and  weitnt  and  compromise  and  otherw.se  successful 
development. 

A  packageabie  'I.ti'T  box  was  constructed  to  house  t,.e  unit,  Figure  6.  It 
was  xined  with  flexible  foam  and  foam  lined  fabric  intake  and  exnaust  sleeves 
were  ntt’cned.  Toe  box  when  packaged  occupied  about  the-  same  volume  as  tile 
engine  generator  set  itself.  In  operation  the  /IRir.T  was  filled  with  water. 

Tuis  combination  of  foam  -nd  water  demonrtrated  a  narked  redaction  in  external 
noise  level  over  toe  entire  audible  ran^e. 

Tnis  was  affected  with  a  minimum  weight  and  transported  bulk  by  transporting 
only  the  AIRilfT  container  and  utilizing  water  available  at  most-  sites. 


COKCLUSIC?? 

Tne  application  of  the  AIRKAT  technology  to  some  space  and  limited  warfare 
problems  offers  unique  solutions  that  are  iimossibla  by  my  other  means  and 
expanded  utilisation  of  this  material  seems  limited  only  by  engineering  imagin¬ 
ation. 
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INTRODUCTION 

The  proposed  use  of  expandable  structures  fabricated  from  flexible, 
compactable  fibrous  materials  has  attracted  considerable  attention  from  systems 
designers.  The  designs  of  numerous  re-entry  and  lift  drag  vehicles  and  other 
space  structures  incorporate  flexible.  Impermeable  (through  use  of  coatings), 
thermally  stable  high  strength  fibrous  materials.  Expandable  structures  formed 
from  coated  woven  materials  offer  a  number  of  distinct  advantages  over  rigid 
structures,  namely  deployment  control,  ccmpactibility ,  and  lower  weight.  In 
applications  where  aerodynamic  heating  may  occur,  thermal  stability  can  become  a 
problem  with  expandable  structures.  Some  of  the  proposed  flight  profiles  will 
encounter  stagnation  temperatures  in  the  range  of  1500°  -  2500°F.  which 
eliminate  the  present  day  textile  fibers  unless  unususlly  thick  (and  inflexible) 
coatings  would  be  utilized,  which  would  seriously  affect  ccmpactibility  and 
recoverability. 

Two  completely  separate  areas  of  research  are  involved  which  ultimately  must 
result  in  the  mating  of  the  most  suitable  candidates  from  each  to  establish 
compatibility,  ccmpactibility  and  deployability.  The  ultimate  composite  structure 
must  exhibit  acme  degree  of  built  in  recovery  or  some  little  resistance  to 
external  recovery  forces  upon  release  of  that  force  which  creates  deformst ion 
during  compaction. 

In  the  case  of  the  reinforcement  materials,  superalloys  aopoar  to  bo  the  most 
suitable  candidates  for  use  as  filamentary  forms  (Ref,  1)  provided  they  can  bo 
made  fine  enough  and  con  be  successfully  procescsd.  The  basis  far  utilizing  multi¬ 
filament  metallic  yarns  are  discussed  a r,  are  the  actual  yarn  end  fabric  design 
concepts  studied.  The  feasibility  of  weaving  ultra-fine  metallic  filaments  in 
twisted  form  are  also  reviewed  as  are  the  problems  encountered  and  the  results 
obtained.  The  matrix  (or  coating)  material,  as  in  the  case  of  the  flexible  rein¬ 
forcement  requires  investigation  into  an  entirely  new  concept  of  costing  materials. 
The  Initial  research  was  carried  out  by  Goodyear  Aerospace  (Ref.  2.)  and  resulted 
in  a  coating  which  would  withstand  temperatures  of  1200°  -  14 OtTT.,  however  upon 
aooling,  shrinkage  or  bending  creates  sufficient  cracks  to  effect  permeability 
adversely.  Further  research  to  extend  this  new  coating  concept  to  higher 
temperature  regimes  is  described.  The  improvements  gained  are  shown  using  the 
flexible  metallic  fiber  material  attained  in  the  fabric  development  phase. 


DISCUSSION 


I.  Ffcutlfllamnni  Yarn  and  Fabric  Design 

When  considering  the  need  for  flexible  fibrous  materials  to  be  used 
in  expandable  structures,  the  choice  of  the  starting  material  is  extremely  limited. 
As  shown  (Ref.  1,3,4)  by  others  the  only  substance  with  the  thermal  stability 
required  falls  in  the  metals  class.  Of  primary  interest  have  been  the  superalloy 


type  materials.  High  temperature  alloys  such  as  achieved  with  nickel-chromium 
systems  (Chromels,  Rene'  41.  Evanohm,  etc.)  and  the  cobalt-nickel-chromium 
systems  (Elgiloy)  have  the  strength  at  temperature  required  to  withstand  re-entry 
environments.  The  major  problems  have  been  (a)  ability  to  be  drawn  to  ultra 
fine  diameters,  and  (b)  can  those  fibers  be  formed  into  flexible  yarns,  and 
subsequently  be  processed  into  efficient  woven  structures.  The  former  is  being 
adequately  dealt  with  (Hef.  5»&«7)  and  would  constitute  a  separate  paper.  The 
latter  is  to  be  discussed  in  this  paper.  For  the  purpose  of  this  discussion, 
how  the  single  ultra  fine  fibers  wore  achieved  shall  rot  be  considered,  only 
that  continuous  fibers  of  1.0,  0.7  end  0.5  mils  diameter  were  obtainable. 

The  tuestion  naturally  arises,  why  are  auch  fine  fibers  "squired.  To  achieve 
the  flexibility  desired,  low  bending  rigidity  is  implied.  Metallic  fibers,  as 
a  group,  are  10  to  20  times  more  rigid  than  organic  fibers  of  equal  strength. 

This  difficulty  can  be  overcome  oy  reducing  the  diameter  of  the  metal  fibers  and 
increasing  the  number  of  fibers  in  the  yarn  bundle  to  retain  the  same  tensile 
strength.  The  increase  in  flexibility  in  a  single  fiber  las  boon  found  to  be 
increased  by  i  factor  o'.  4,  in  reducing  the  diameter  by  5W  (Ref.  1).  Mich  addi¬ 
tional  research  has  been  conducted  recently  into  the  theoretical  advantages  of 
using  ultra  fine  diameter  fibers  (Ref.  8).  It  has  been  shown  that  fabric  flexi- 
b'lity,  bending  recovery  an i  fold  endurance  are  functions  of  fiber  and  yarn 
flexibility  and  bending  recovery.  These,  however  are  not  the  only  considerations. 
The  fabric  stricture;  yarn  spacing,  weave  pattern,  is  also  an  important  variable, 
as  an  example  of  this,  the  occurrence  of  yarn  flattening  during  the  weaving  of  a 
fabric  results  in  lower  fiber  strain  during  fabric  bending  and  thus  greater 
flexioility,  fold  endurance  and  bending  recovery.  The  amount  of  yarn  fattening 
that  occurs  is  dependent  on  the  twist  Imposed  on  the  yarns.  Low  twist  results 
in  more  flattening  tnan  high  twist.  Similarly  the  construction,  i.e.,  ends  and 
picks  per  Inch,  and  the  weave  pattern  effects  yarn  flattening.  Other  factors 
which  will  effect  fold  endurance,  bending  recovery  and  flexibility  are  the  amount 
of  crimp  in  the  yarns  after  weaving  which  can  be  varied  by  weevlng  tensions,  and 
by  using  opposite  twist  in  the  wsrp  and  filling  yarns  to  prevent  nesting. 

Nesting  restricts  yarn  movement  and  therefore  decrease”  flexibility. 

Since  fabric  porosity  and  coeiing  adhesion  are  of  considerable  importance 
for  re-entry  applications,  a  blending  of  fibers  per  yarn,  twist,  yarn  count, 
weave  pattern,  weaving  tensions  must  be  affected  to  provide  a  flexible  material 
capable  of  fulflll'ng  specific  system  requirements. 

From  these  theoretical  conclusions  it  can  be  concluded  that  a  low  twist 
■•-Jtl-fi lament  yarn  composed  of  many  ultra  fine  diameter  fibers,  and  woven  Into 
a  square  weave,  witn  medium  float  length,  would  achieve  a  structure  with  meclv- 
onical  properties  realistically  close  to  those  calculated  for  re-entry  systems, 
with  this  in  mind,  tne  design  and  fabrication  of  woven  structures  were  then 
considered.  Of  prime  importance  was  the  utilization  of  textile  type  twisting 
and  weaving  equipment.  To  thoroughly  verify  the  thoory  concerning  flexibility, 
fold  endurance,  wrinkle  recovery  and  tear  as  discussed,  three  fiber  diameters 
were  chosen  to  be  woven  into  a  series  of  ffbrics.  The  main  concern  was  to 
achieve  roughly  equal  yarn  strength  regardless  of  the  fibt.r  diameter  used.  To 
this  end  one  mil  wire  was  twisted  into  25  filsment  bundles,  0,7  mil  diameter 
wire  into  49  filament  bundles,  and  0.5  mil  fibers  into  100  filament  bundles.  To 
achieve  a  torque  free  or  balanced  yarn,  two  twisting  operations  were  conductsd. 

For  example,  to  obtain  100  filament  yarn  of  0.5  mil  f’bers,  an  initial  twisting 
of  10  sinrle  filaments  were  accomplished.  Ten  of  these  yarns  were  then  cabled 
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with  opposite  twist  wnich  resulted  in  a  100  filament  balanced  yarn. 

The  alloy  used  is  Chromel  A,  a  80-20  nickel  chromium  alloy  readily  avail¬ 
able  in  the  desired  diameters.  It  has  roots  temperature  properties  very 
similar  to  the  high  temperature  alloys  now  being  considered  for  re-entry 
decelerators  and  expandable  lift-drug  vehicles.  Another  goal  of  this  program 
was  to  establish  techniques  for  processing  these  metal  fibers  on  textile  type 
equipment.  Previous  work  on  metal  fibers  has  basically  involved  stranding 
devices  such  as  used  in  forming  cables  and  very  limited  capability  (from  a 
fabric  design  standpoint)  looms. 

The  first  step  was  to  process  the  three  metal  fiber  diameters  through  a 
text  .le  twister.  In  this  case  a  slight  modification  in  the  creeling  system 
was  made  to  reduce  the  drag  on  the  single  fibers  in  tne  first  twisting  operation. 
Further  changes  included  elimination  of  the  stop  motion  when  processing  0.5  mil 
fibers,  lable  I  shows  the  fiber  and  yarn  properties  while  Figure  I  reveals  the 
load  elongation  curves  for  the  fibers.  The  only  serious  problom  encountered  in 
twisting  was  caused  by  the  apool  the  metal  filaments  were  deli'C'rod  on,  and 
damage  that  occurred  (on  0,5  mil  fibers)  during  winding  on  to  the  spool  and  the 
putting  of  too  muen  weight  of  fiber  on  the  spool.  These  were  overcome  by  aanding 
and  polishing  the  flanges  and  bo.. els  of  the  spools  and  limiting  the  welgnt  of 
fiber  per  spool  to  approximately  »Q2  to  lbs. 

The  cabling  operation  created  no  problems  although  special  consideration 
was  given  to  the  traveler  used.  The  yarn  was  made  into  a  9~l/2  yard  warp  with 
sufficient  enda  to  weave  a  6  inch  fabric.  A  silk  type  loom  was  used  and  the  warp 
yarns  drawn  into  eight  (8)  harnesses  to  afford  weaving  a  wide  range  of  fabrics. 

The  filling  yarn  (of  the  same  construction  as  the  warp  yarn)  was  wound  on  a 
conventional  Quill  and  woven  at  a  rate  of  110  plcka/mlnute  in  a  standard  shuttle. 

A  total  of  eight  weave  designs  were  used  ranging  from  a  plain  weave,  to  2x2  basket 
(the  densest),  to  a  3/1  twill,  to  a  2/2  twill,  to  a  combination  3/1  warp  weave 
with  a  1/3  filling  we^ve  alternating  the  metai  filling  with  an  HT-1  filling.  The 
fabric  properties  achievsd  are  shown  in  Table  2,  however,  only  three  fabrics  are 
presented  for  each  fiber  diameter,  (Fig.  2,3,l»).  Aa  a  basis  of  comparison  a 
monofilament  fabric  was  also  evaluated.  Tables  3  and  /»,  present  data  on  wrinkle 
recovery  -  fold  endurance,  strength,  tear  and  slongrtlon.  Fig.  5  shows  the  load 
elongation  curves  lor  O.p  mil  fiber  from  single  filan.  ‘nt  through  yarn  and  into 
fabrics. 

This  program  emphatically  demonstrated  the  feasibility  of  twisting  metal 
fibers  into  yarns  and  weaving  them  into  an  assortment  of  fabrics.  It  can  bs  seen 
that  from  monofilament  to  multifilament  yarn  the  change  in  properties  for 

a.  Tear  -  is  up  to  b  times  higher 

b.  Fold  endurance  »  is  20  to  100  timss  greater 

c.  Wrinkle  recovery  “  is  up  to  3?'* 

d.  Permeability  -  is  reduced  to  0,01 

e.  Strength  -  is  two  to  four  times  higher 

To  overcome  the  only  problem  area  -  twisting  of  the  0,5  mil  fibers,  a  program  is 
now  being  carried  out  to  develop  a  twisting  facility  having  tne  extremely  fine 


-  7 1  - 


77 


(^01  X  I  Sd)  H10N3H1S  311  SN31 


-  ',3  - 


ELONGATION  <%) 

fiKure  1  TYPICAL  METAL  LOAD-ELONGATION  CURVES 


80 


WEAVE 


83 


2/2  Twill  157  157  =  0  ^0  »0  =0  28.5  29.0 


Diagonally 


Mono 


ElONGAT 


tension  controls  required  for  these  ultra  fine  filaments. 

II.  COATINGS 

The  goal  of  this  phase  was  to  obtain  a  more  temperature  resistant, 
flexible,  helium  impermeable  coating  than  is  now  available.  Previous  research 
(Ref*  2)  did  result  in  a  coating  which  had  good  properties  et  temperatures  to 
1400  r,  but  as  -he  temperature  decreased  In  a  given  cycle,  cracking  occurred 
which  caused  an  Immediate  Increase  in  permeation  of  gaa  (in  this  case  helium), 
Tnls  coating  consisted  of  Dow-Corning  3*2077  loaded  with  a  ceramic  frit  having 
a  low  melting  point.  As  the  temperature  passed  the  decomposition  point  of  the 
S-2077,  the  frit  fused  and  a  thick,  viscous  coating  formed  which  acted  as  a  gas 
barrier,  Upon  cooling  the  coating  ahould  solidify  end  retain  Its  impermeability, 
however  flexing  resulted  in  cracks  as  noted. 

The  specific  requirements  to  be  met  In  this  research  (Ref.  9),  have  been 

o 

a.  To  achieve  thermal  stability  at  1500  T  at  a  density  equivalent  to 
an  altitude  of  90,000  ft. 

b.  Achieve  gas  (helium)  impermeability  through  a  simulated  re-entry 
heating  cycle  (max.  flow  of  2  ec/min/l ar)9 

The  tamperatur*  range  of  800°  *  1100 °T.  became  the  primary  problem  area.  At 
600°F.  (approx)  the  S-2077  started  to  decompose  raploly,  however  the  frit  does 
not  fuse  until  a  temperature  of  1}00°  -  1200°^.  is  reached.  This  transition 
range  represents  a  condition  in  which  the  gas  permeability  can  moot  likely  be 
very  high. 

Using  the  S-2077  as  a  base,  various  ceramic  frits  were  added  to  achieve 
equal  welgnt  of  elastomer  and  frit.  After  passing  the  mixture  through  a  paint 
mill  three  or  4  times  witn  the  bite  progressively  closer,  the  percent  solids 
was  determined  and  diluted  with  toluene  to  30 percent  solids  by  weight. 

The  ceramic  frit  constitutes  a  major  part  of  the  final  coating  and  the 
ability  to  maintain  a  flexible  coating  throughout  a  major  portion  of  tbs  heating 
cycle,  especially  at  the  800^.  decomposition  temperature  of  the  S-2077,  is 
dependent  on  the  melting  range  of  the  frit.  A  total  of  eight  frits,  singly  and 
in  combination  were  evaluated  using  CS-105  type  formulations.  The  particle  size 
was  controlled  by  milling  in  a  three  roll  mill  singly  or  in  combination*  The 
host  single  frit  wan  that  used  in  the  coating  labolled  CTC-2  while  the  best  two 
frit  coating  was  that  labelled  HTC-52. 

The  experimental  coatings  were  applied  to  a  200  mesh  Rena  '  41  substrate 
woven  of  1.6  mil  wire,  although  stainless  steel  fabric  of  ths  same  construction 
was  used  for  soma  preliminary  muffle  fumacs  and  permeability  studies.  A  total 
of  84  variations  of  elastomer  and  frit  ware  considered.  In  addition  to  the 
S-2077,  a  number  of  high  phenyl  polymers  were  compounded  into  S-2077  type 
formulations,  but  in  all  cases,  degradation  occurred,  probably  caused  by  the 
presence  of  a  carbide  formed  as  a  result  of  carbon  from  the  thermal  breakdown  of 
the  phenyl  groups.  Brush  coating  was  used  and  three  applications  were  required 
to  achieve  a  7-10  ounce/sq.yd.  coating.  The  coatings  were  cured  for  13  min,  at 
480^.  after  each  application  with  a  final  cure  at  480°P.  for  16  hours. 
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The  numerous  coatings  formulated  were  evaluated  at  temperature  levels  to 
lSX)0?  in  order  to  establish  helium  leak  rates*  This  initial  screening  made  it 
possible  to  eliminate  many  coatings  which  at  lower  temperature  levels  did  not 
leak,  but  as  ths  tamperaturs  passed  the  critical  800°  -  1100*V.  range  began  to 
leak  as  the  temperature  was  decreased  to  the  point  where  the  molten  frit  became 
solid  and  brittle,  resulting  in  cracks  where  minute  bends  occurrsd*  From  this 
research  two  coating  -  frit  combinations  were  found  to  be  equal  or  superior  to 
the  original  coating*  (Ref*  2.)*  The  leak  rats  over  a  given  heating  cycle  Is 
shown  In  Fig.  6;,  while  Fig,  7  presents  leak  rates  at  1200^.  for  15  minutes* 

The  actual  data  used  in  Fig*  ^  is  shown  in  Table  $.  As  noted  earlier  thla 
initial  scraenlng  of  coatings  was  conducted  using  metal  fabric  composed  of  mono* 
filament  wire.  Also  as  shovr  in  the  initial  phase  of  thla  research*  fabrics 
composed  of  multlfllament  yarns  have  far  superior  bending  recovery*  tear  strength 
and  fold  andurance,  Therefore,  the  final  part  of  this  research  on  coatings  was 
to  utilize  fabrics  with  multlf llament  yarns  as  a  bees  for  ths  coating  compounds* 
Since  these  multlfllament  fabrics  wars  mors  tightly  woven*  it  could  be  expected 
that  some  changes  is  ths  coating  techniques  would  oe  necessary*  From  a  study  at 
application  methods,  such  as  dipping*  rolling  and  brushing,  and  microscopic 
examination  of  coating  penetration,  it  warn  determined  that  an  initial  brush  coating 
using  25X  solid'  in  lieu  of  the  50X  solids  would  result  in  good  adhesion  of  the 
remaining  coe  ag  layers*  The  CS-105,  HTC-2  and  HTC-52  were  applied  to  e  2/2 
twill  composed  of  49  filaments  of  0*7  mil  Cbrcmel  wire  in  an  80x80  construction. 
These  three  coated  febrlco  were  then  evaluated  for  helium  leakage  over  the  temp¬ 
erature  cycle  (Fig,  6)  with  results  quite  different,  than  obtained  timing  a 
monofilament  fabric*  This  could  be  attributed  to  tightness  of  weave,  adhesion 
of  coating,  and  multlfllament  yarn  which  promotes  adhesion  and  gives  good 
covering  power. 

In  addition,  the  two  best  coating-frit  combinations  (HTC-2  and  HTC-52)  were 
evaluated  for  aerodynamic  shear  using  the  hot  gas  exhaust  from  an  oxygen-hydrogen 
rocket  motor.  The  high  temperature,  high  velocity  gas  flow  was  passed  parallel 
to  the  coated  fabric  to  determine  the  effect  on  adhesion*  The  coatings  were  to 
be  aHe  to  wlthater.d  a  dynamic  pressure  of  14  pounda/ft.  for  5  minutes  at 
ij00°F.  Actual  teat  conditions  ware  67  lbs/ft*  at  15O0°F.  Although  ths  HTC-52 
was  better  than  the  HTC-2  and  CS-105,  and  laast  affected,  few  pinholes  appeared 
in  any  of  the  specimen!).  The  lighter  weight  coatings  had  a  looser  tendency  to 
crack  and  flake  off  than  the  heavier  coatings  and  maintained  s  good  degree  of 
flexibility  after  cooling, 

Frcm  this  phase  of  research  it  was  determined  that  a  new  coating-frit 
combination  utilizing  zirconium  silicate  and  lead  was  found  to  be  superior  to 
the  original  coating  frit  (Ref.  1.)*  It  has  a  low  bsllurn  leak  rate,  flexibility, 
and  is  rubbery  at  room  tamperaturs*  From  Fig*  8,  it  can  be  seen  that  ths  use 
of  multlfllament  yarn  in  ths  fabric  substrate  affords  a  marked  reduction  in 
leak  rate  over  two  other  coating-frit  combinations. 

CCNCLUSIOKS) 


As  a  result  of  this  two  pronged  research  program,  it  has  bean  shown  that 
superailoy  fibers  of  ultra  flr.s  diameter  can  be  twisted  into  a  textile  type 
yarn  and  woven  into  fabrics  with  most  any  weave  pattern*  Utilization  of 
standard  textile  type  equipment  (slightly  modified  in  the  case  of  vwlsters) 
was  proven  feasible.  Fabrics  formed  had  superior  mechanical  characteristics 
as  compared  to  moncf ilament  fabrics*  Two  primary  areas  of  future  investiga¬ 
tion  include 
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Geometry  studies  of  double  wall  (airmat)  fabrics  of  multifila¬ 
ment  superallojr  yarns, 

b.  Hleh  temperature  characterization  of  multifilameat  metal  fabrics. 

In  the  case  of  coatings,  improved  coatings  have  been  achieved  which  will 
withstand  a  typical  simulated  re-entry  heating  cycle  with  minimum  helium 
permeability,  Further  research  on  coatings  capable  of  enduring  a  re-entry 
cycle  with  a  2000  r.  upper  limit  has  been  initiated  and  will  utilize  wholly 
new  nsiit  if  i  latent  miper-alloy  fabrics  with  varying  porosity  to  further  investi¬ 
gate  effect  of  porosity  on  helium  permeability.  The  higher  porosity  fabrics 
are  lower  in  weight  and  their  successful  use  could  result  in  lower  overall 
weights  in  tha  final  coating  fabric  composite. 
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L.  INTKODUCTIDI 


Metal  fabric  expendable  structures,  including  AU9SAT  structures, 
appear  to  bold  good  promise  for  a  number  of  aerospace  applications.  There 
are  essentially  three  reasons  for  this:  (1)  tbs  capability  of  fabric  struc¬ 
tures  of  being  folded  a;jd  packed  into  snail  spaces,  (2)  their  good  might- 
to-strengtb  ratio,  and  (3)  in  the  case  of  reentry  vehicles  -  their  low 
wing  loading  and  correspondingly  low  heat  input. 

Inherent  in  fabric  structures  are  certain  characteristics  that  cause 
their  structural  respons#  to  external  loading  in  many  cases  to  be  differ¬ 
ent  fro*  conventional  structures.  The  met  important  points  are  the 
following: 

1.  Woven  fabrics  in  general  are  Inhomogeneous  aeolo tropic  materials, 
although  many  have,  or  nay  be  considered  as  having  orthotropic 
character 's  tics. 

2.  it*  stress-strain  behavior  of  fabrics  may  or  may  not  be  elastic. 

This  depends  on  many  factors:  on  ths  basic  material  of  the  filaments 
and  of  the  sealant,  the  build  of  ths  single  thread,  which  may  be 
monofilament  or  e trended;  also  on  the  weave  pattern  (plain,  twill, 
satin,  basket  weave),  the  thread  count,  and  the  crimp  in  warp  and  fill 
direction.  In  the  most  general  case,  the  stress-strain  characteris¬ 
tics  vary  with  magnitude,  ratio,  direction  and  previous  history  of  ths 
principal  stresses. 

3.  A  properly  designed  fabric  structure  is  prestressed  throughout  by  the 
pressure  in  biaxial  tension  and  therefore  able  to  talcs  compressive 
stresses  up  to  the  level  of  the  pressure  stresses.  Whan  both  stresses 
are  equal  incipient  wrinkling  will  occur.  Depending  on  the  geometry 
and  the  loading  condition  of  the  fabric  component,  there  is  a  greater 
or  lesser  margin  between  wrinkling  and  collets  collapse,  in  a  sense 
wrinkling  and  collapse  of  pressure-etshllimed  fabric  structures  cor¬ 
respond  to  crippling  and  elastic  instability  of  conventional  struc¬ 
tures.  The  important  difference  Is  that  fabric  structures,  upon 
wrinkling  or  even  collapse,  may  recover  as  soon  as  the  loading  or 
part  of  it  it  removed,  so  that  they  remain  intact  for  further 
operation. 

In  A  feature  peculiar  to  pressurised  fabric  structures  subjected  to 

transverse  loads  is  their  ability  to  resist  shear  deforms ti an  by  the 
mere  presence  of  the  gas  pressure.  An  AIBNAT  plate,  for  instance, 
behaves  in  this  regard  much  as  s  sandwich  plate  does,  ths  core  of 
which  has  a  shear  modulus  equal  to  ths  gags  pressure  of  the  AIBMAT. 

5.  Generally,  tbs  shear  da  flections  of  metal  AIBMAT  beam  and  plates  under 
transverse  loading  ars  substantially  greater  than  ths  *»»»<« «g  deflec¬ 
tions.  in  some  cases  ths  latter  ars  almost  negligible  by  coiparison. 


II.  RESULTS  OF  A  THEORETICAL  AMD  EXPERIMENTAL  INVESTIGATION  OF  METAL 
FABRIC  EXPANDABLE  STRI  CTURES* 

1.  General 


This  study  was  conducted  by  Goodyear  Aerospace  Corporation  under  the 
sponsorship  of  the  Aeronautical  Systems  Division.  The  study  encompassed 
the  following  phases: 

*.  Experimental  de  te  mi  nation  of  the  s  tre  sa- a  train  characteristics  of 
metal  fabrics  and  AIHMAT  in  various  biaxial  stress  conditions, 

b.  Methods  of  analysis  of  expandable  natal  fabric  and  AIHMAT  structures, 
including  literature  surrey, 

c.  Technology  and  fabrication  (weaving  of  AIHMAT,  spot  welding  techniques, 
coating  procedure,  etc.), 

d.  Tests  of  basic  metal  fabric  and  AIHMAT  components  for  determination  of 
their  structural  response  to  external  loadings  at  various  pressures, 
including  correlation  ,>r  test  data  and  theoretical  results. 

2.  Stress-Strain  Characteristics  of  Metal  Fabrics 

Woven  fabrics  generally  can  be  considered  orthotropic  Mterials.  If 
they  are  perfectly  elastic  their  •  tress-strain  characteristics  can  be  com¬ 
pletely  described  by  five  else  tic  constants:  the  two  Young's  moduli  along 
the  axes  of  orthotropy,  the  corresponding  Poisson's  Ratios,  and  the  modulus 
of  rigidity.  However,  on  elastic  materials.  Young's  moduli  and  Poisson's 
ratios  are  known  to  be  interrelated  es  follows: 

®*  '  /ur*  *  ®y  y4'  xy  W 

Thus,  the  nunber  of  elastic  constants  required  actually  is  reduced  to  four. 

The  stress-strain  characteristics  were  determined  on  a  number  of 
materials,  mainly  on  Type  30U  Stainless  Steel  fabrics  and  AIHMAT  facas;  for 
comparison,  a  one-ply  Dacron-Neoprene  fabric  also  was  included. 

The  material  specimens  wars  partly  of  cylindrical  shape;  others  were 
.-at  AIJMAT  panels  of  3  sod  6  inch  thickness.  The  specimens  were  inflated 
to  various  pressures,  and  at  the  same  time  longitudinal  losds—eithsr 
tension  or  compression— were  applied;  thus  the  strains  in  both  principal 
directions  could  be  measured  over  e  wide  range  of  biaxial  stresses  and 
8  tress  ratios. 


It  was  found  most  convenient  to  evaluate  the  results  in  the  form  of 
so-called  -Everling"  diagrams  (Figures  1  through  5).  In  the  Kverllng 
Diagram,  the  strains  in  the  directions  of  the  axes  of  orthotropy,  which 
coincide  with  the  principal  stress  axes  (x  and  y)  are  plotted  against  each 


*  inference  1. 
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fi,  iu'u  2.  bvcrling  Diagram  for  No-Ply  Jj30hr  100x100x0, 00l.»> 
Plain-Weave  Monofilament,  fabric 
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ALmT  iian  (hono filament,  3x3  Basket  Weave) 
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Figure  h.  Overling  Diagram  for  One-Ply  Stranded-Yarn  SS30li, 
100x100x7x0,0016  Plain  Weave  Fabric 
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otter  for  various  value «  of  tte  stress  parameters  (T z  and  T y.  *hus  two 
families  of  curves  srs  obtained,  sod  s  eisple  calculation  shoes  that  tte 
slope  of  tte  Unas  Tx  m  constant,  yields  directly  Poisson's  Ratio  Myx 
In  tte  fons 

dCx/bCf  m  -/tyx  (i) 


and  slailarlj  tte  slope  of  tte  lines  O' j  *  constant. 

tey/^x  «  -/tx, 


(3) 


Tte  K -Moduli  are  found  by 
ing  strain  increment: 

h.  « 


dividing  a  stress  lncrseent  Into  tte  correapond- 


a<tx 

m  const) 


00 


.  Ary 

and  Sy  “  - 1 

^^((T***  const) 


(S) 


If  each  fasdly  of  curves,  i7~x  a  const,  and  (Ty  =  const,  consists  of 
parallel  and  equidistant  straight  lines  the  sstarlal  Is  clastic  within  the 
test  stress  range. 

For  determination  of  the  shear  Moduli,  tte  cylindrical  specteens  wre 
subjected  to  torsional  Moawnts,  In  addition  to  tte  longitudinal  loads  end 
the  pressure  stresses,  end  tte  twist  angle  over  the  length  of  the  spec  teen 
was  measured.  Thus  the  G-aodulua  wee  obtained  as  function  of  all  three 
stresses:  longitudinal  stress,  hoop  stress,  and  shear  stress.. 

It  should  be  noted  here  that  all  stresses  ere  expressed  In  lbs  per  inch} 
correspondingly,  tte  moduli  have  tte  saat>  dimension.  Sons  typical  results 
for  tte  six  materials  used  are  summarized  in  Table  1, 


3-  He  thxie  of  Structural  inaiysla 


A  number  of  basic  fabric  components,  such  as  cylinder*,  flat  AIRMAT 
piaws  and  beams,  triangular  plates  with  and  without  taper  In  thickness, 
and  AIHfsAT  Delta  wings  have  been  analysed  for  various  loading  conditions 
to  obtain  stress  distribution  and  deflections  and  to  define  wrinkling  and 
collavss  criteria.  The  analysis  was  based  on  the  material  properties  that 
h&ri  bean  date  rad  nad  on  material  specimens.  The  theoretical  results  were 
correlated  to  teat  data  obtained  on  test  cylinders  and  AIRMAT  specimens — 
twenty  in  all — and,  in  general,  good  agreement  was  obtained. 

3s  far  as  deflections  of  AliMAT  structures  are  concerned,  the  machan- 
iaa  of  shear  transmission  and  the  companion  shear  deflections  require  par¬ 
ticular  attention.  Let  us  consider  a  cantilevered  A.JKMAT  beam  under 
aiifora  loading.  The  beam  shall  be  wide  enough  that  the  effect  of  the 
rounded  edges  becomes  negligible  (figure  6).  It  is  assumed  that  small- 
de flection  theory  holds,  so  that  bending  and  shear  deflections  can  be 
linearly  auperusposeds 


w  “  ♦  *S  (6) 

Then  the  loading  of  the  beam  can  be  resolved  in  a  pure  bending  and  a  pure 
shear  loading  as  Indicated  in  the  figure.  In  pure  bending  the  beam  de¬ 
flects  so  that  the  drop  threads  remain  normal  to  the  A  IRMA  T  face,  i.e. , 
seen  drop  thread  rotates  by  an  angle  c.  equal  to  the  slope  angle  of  the 
elastic  line.  In  pure  shear,  the  drop  threads  retain  their  original  direc¬ 
tion,  but  form  an  angle  with  the  cornel  to  the  faces  which  equals  the 
■sheer  angle "  .  As  the  originally  rectangular  element  h  •  dx  deform 

into  a  parallelogram  its  volume  par  unit  width  decreases  by 


h  •  f  *  hdx(l  -  cos  V  ) 

3T  \  hdxy  2 


(7) 


where  cos  y  is  replaced  by  the  first  two  terms  of  the  cosine  series, 
equating  the  energy  required  for  this  change  in  volume  to  the  work  perform¬ 
ed  hv  the  snsar  force  per  unit  width,  V,  gives 

J  phdxff2  *  j  V  dWg 

dw3 

or,  with  "Jf  =  '3x_ 


dwB  V 

S  =  W 


(8) 


fbr  tonparison,  the  shear  deflection  equation  of  a  sandwich  beam  is 

dws  y 

ar  “  ujs  w 


Kf 


where  Oc  is  the  ahear  aodnlua  of  the  cor*  aaterial. 

If  an  ABOUT  plat*  of  arbitrary  ahape  ia  subjected  to  non-unifor* 
loading,  with  arbitrary  boundary  conditions,  it  ia  nacaaaary  to  ^•ortho- 
tropic  plate  theory,  with  aodification#  to  talc*  tha  p*culiarltiaa  of  AIJKAT 
plat**  into  account.  MoConb  has  solved  this  problaa  for  ractantular  pUus 
(Bef.  2,  3).  using  the  principle  of  niirijw*  potential  *n*rgy.  In  the  case 
of  AIHMAT  plates,  this  energy  consist*  of  three  parts:  the  strain  energy  in 
the  A  IKK*1'  faces,  the  energy  associated  with  the  volune  change,  and  the 
potential  energy  of  the  external  loading.  McCorab  arrives  at  the  following 
three  differential  equations: 
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McComb  calculated  the  aid-point  deflection  of  a  square  ABOUT  plate, 
made  of  Hylon  Neoprene  and  simply  supported  on  all  four  sides,  and  found 
excellent  agreement  between  theory  end  test  data. 


in  the  particular  case  of  octal  ABOUT  plates  the  bending  deflections 
contribute  even  less  to  the  total  dsflactions  than  is  the  case  with  Xylan, 
due  to  the  ouch  higher  modulus  of  elasticity  of  the  stairless  steel  flees. 
This  wakes  a  simplification  of  McOoab'a  aquations  possible,  in  that  linear 
superposition  of  bending  and  shear  da flections  in  general  is  valid  without 
perceptible  error.  Thus  - 
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and  the  origin*-!  thro*  rariablss  (w,  « ,  fi  )  are  reduced  to  two  (wg,  ws). 

B>*  differential  aquations  for  shear  and  bending  deflections  then  can 
be  written 

♦  J^Si  +  JL  =0  (13) 
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For  a  rectangular  AIBMAT  plate,  simply  supported  along  all  four  edges  of 
length  a  and  b,  the  solution  ia  found  by  expanding  both  wg  and  wB  into 
double  fburier  series: 
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Substitution  of  Equations  (lp)  into  ths  differential  equations  (13) 
and  (lh)  yields  the  unknown  coefficients  in  explicit  fora: 
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In  the  case  of  an  AIRMAT  Delta  wing,  the  Fourier  series  for  *g  and  wg 
are  written  in  a  soMvbat  different  fora  (Equations  19)  to  satisfy  identi¬ 
cally  the  boundary  conditions,  which  read,  for  a  uniformly  distributed 
load  q: 
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Figure  7.  AliiMAT  Dolt*  Wing 
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Variation  of  the  potential  energy  and  integration  in  this  caao  leads 
to  two  ays  tea a  of  simultaneous  linear  equations  in  the  unknown*  Ag  and  A^ 

Figure  8  illustrates  the  calculated  tip  deflections  of  a  stainless 
steel  AlftMAT  Delta  wing  under  uniform  loading  and  at  three  different  gage 
pressures  in  comparison  to  the  test  data. 


Wrinkling  and  Collapse  Criteria 

Table  2  gives  the  theoretical  wrinkling  end  collapse  criteria  for 
fabric  cylinders  and  AIHMAT  beans  or  plates  when  subjected  to  bending,  or 
torsion,  or  a  combination  of  both.  These  criteria  may  be  considered  lower 
bounds,  primarily  because  the  fabric  or  AIHMAT  face  is  considered  a  pure 
nenbrane,  with  no  inherent  flexural  atiffsees.  (toll epee  tests  on  cylindri¬ 
cal  as  well  as  on  AIHMAT  specinens  revealed  that  the  first  test  consist¬ 
ently  gave  higher  collapse  moments  then  the  theory  predicted)  in  subse¬ 
quent  collapse  tests  on  the  seme  specimen,  the  actual  collapse  moment 
approached  the  theoretical  value  fairly  close,  apparently  because  the 
creases  produced  in  the  first  collapse  test  had  eliminated  much  of  the 
flexural  stiffness  of  the  fabric. 

Figure  9  exemplifies  this  phenoneron  on  e  pressurised  stainless-steel 
fabric  cylinder  subjeotod  to  pure  bending  moments.  The  collapse  parameter 
at  the  first  test,  conducted  at  i  psi  gage  pressure  on  tho  virgin  cylinder 
was  found  to  be 


•V>ll/pnH3  =  1.  IjO 

while  the  theoretical  valua  is  1.0.  The  subsequent  testa  at  1*,  6,  8,  end 
again  at  2  psi  pressure  yielded  collapse  parameters  between  aporoxlnmtely 
1.0  and  1.2. 

U.  technology  of  Metal  fabric  aid  AIHMAT  Structures 

a)  AIHMAT  Weaving 

The  AIHMAT  required  far  fabrication  of  the  test  ape  oh.  ana  was  woten 
on  QAC's  pilot  loom.  AIHMAj.  of  three  end  six  inches  thickness  was  produced 
e  third  type  tapered  in  thickness  from  6  to  3  inches  over  a  1;8  inch  length. 

In  an  experimental  weaving  Dhaae,  several  weave  patterns  (plain  weave, 
twill,  satin,  and  basket  weave)  were  tried.  A  3x3  basket  weave  was  found 
to  be  the  most  satisfactory.  The  thread  count  is  98  in  both  warp  and  fill 
directions.  The  maaber  of  drop  threads  is  31  per  square  inch.  Warp,  fill, 
end  drop  wires  have  the  earns  O.QO'uS  inch  diene  ter.  Since  the  crimp  is 
substantially  reduced  in  comparison  with  a  plain  weave  of  equal  thread 
count,  the  cloth  appears  somewhat  coarser;  it  is  also  more  aleasy,  as  there 
is  less  inter-locking  of  the  wires. 

The  drop  threads  ere  actually  additional  warp  wires  Umt  cross  from 
one  face  to  the  other,  Rt  a  spacing  of  less  th*n  0.2  inch. 

b)  Spot-Welding  of  Stainless  Steel  Cloth  end  AIFKAT  Faces. 

Highly  efficient  seams  are  of  primary  importance  for  the  over-all 
efficiency  of  metal  fabric  end  AIHMAT  structures. 

After  eons  experimenting,  e  two-row  seam  with  1/20  inch  spot  spacing 
and  3/32  row  spacing  was  adopted.  The  seams  were  produced  by  an  automated 
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roll  spot  wider  with  pressure  control,  automatic  drive  mechanism  and 
firing  timer. 

The  efficiency  of  this  seaa  is  particularly  good  whan  used  across  the 
fill  direction  of  the  standard  plain -weave  cloth.  Here  the  seam  strength 
is  approximately  97  percent  of  the  strength  of  the  parent  material.  Across 
the  warp  direction  of  the  cloth,  and  also  on  AlittAT  faces  in  either  direc¬ 
tion,  the  seaa  efficiency  drops  off  to  between  60  end  70  percent.  Appar¬ 
ently  the  high  warp  crimp  in  the  plain-weave  cloth  and  the  less  homogeneous 
texture  of  the  basket-wave  A  IRMA  T  faces  are  responsible  for  these  lower 
figures. 

On  AXRMAT  components  that  require  an  extra  cover  ply  it  is  necessary 
to  ply-weld  the  cover  ply  to  the  A'RMAT  face  in  a  fairly  narrow  pattern, 
in  order  that  both  plies  be  in  good  contact  and  allow  the  sealant,  which 
is  applied  from  the  outside,  to  strike  through  both  plies  and  to  form  a 
positive  gas  barrier  on  the  inside.  Ply-welding  was  performed  on  the  same 
au tons. ted  roll  spot  welder.  The  weld  spots  were  arranged  in  a  pattern  of 
equilateral  triangles  with  approximately  0.6  inch  aide  length. 

c)  Coating  of  Metal  Fabric  and  AB31AT  Components. 

The  Silicon-rubber  elastomer  S-2077  was  used  as  a  sealant  on  all 
stainless-steal  specimens.  Application  by  brush  was  found  to  be  prefer¬ 
able  to  spray-coating.  Usually  five  ranis',  coats  were  applied;  however, 
very  long  cylinders,  which  made  brush  coating  on  the  inside  impractical, 
were  successfully  sealed  by  three  spray  coats  on  the  inside  and  three  brush 
coats  on  the  outside.  Between  coats,  the  specimens  were  allowed  to  air-diy, 
then  orecured  for  15  minutes  at  500°P.  The  final  cure  required  16  hours  at, 
500°y. 


The  upper  limit  of  the  heat  resistance  of  the  S-2077  elastomer  was 
found  to  bo  800°P.  At  this  temperature,  crating  of  the  sealant  may  occur 
after  one  or  two  temperature  cycles  and  cause  leakage  of  the  fabric  or 
AIKMAT  component.  A  number  of  specimens,  cylinders  es  well  as  A  IRMA  T  com¬ 
ponents,  were  tested  at  elevated  temperature.  The  temperature  was  kept  at 
a  72 5° r  maximum  in  order  to  preclude  premature  leakiness.  The  effect  of 
the  elevated  tenperature  upon  the  deflection  characteristics  was  moderate. 


III.  CONCLUSIONS  AND  HCCOK^NDATTONS 


The  structural  response  to  short-time  loading  of  metal  fabric  struc¬ 
tures  can  be  predicted  with  sufficient  accuracy.  Appropriate  analytical 
methods  for  do  termination  of  deflections,  stress  distribution,  writ -ling 
and  collapse  conditions,  and  structural  failure  are  available. 

More  information  should  be  gained  on  load-time  effects,  such  as  creep, 
hysteresis,  and  previous  stress  history,  particularly  at  elevated  tempera¬ 
ture. 


Fbr  certain  applications,  fabrics  and  AIRMAT  woven  from  multi- 
filament  metal  yarns  instead  of  wires  appear  to  offer  advantages,  especially 
with  regard  to  tear  resistance  and  foldability.  Further  research  on  tnis 
type  of  fabric  is  considered  of  great  importance. 

Fbr  AIRMAT  structures  that  require  the  best  stiffness  characteristics 
possible,  it  has  been  suggested  to  use  AIRMAT  with  canted  drop  threads. 
Preliminary  theoretical  investigations  and  successful  experimental  weaving, 
on  the  GAC  loom,  of  this  type  of  AIRMAT  ere  encouraging. 

The  efficiency  of  the  spot-welded  seams  was  satisfactory  for  the 
purpose  of  the  subject  study.  Further  improvement  for  actual  applications 
is  desirable  and  nay  be  possible. 

In  summary  it  can  be  said  with  confidence,  that  metal  fabric  and  AIMAT 
structures  can  be  developed  to  the  high  degree  of  reliability  and  efficien¬ 
cy  that  is  required  for  aerospace  applications. 
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LIKITKD  WAR  APPLICATIONS 
i'CR  UXTANEAELE  STRUCTURES, 


The  President  of  the  United  States  has  reiterated  on  many  occasions 
the  fact  that  the  United  States  will  give  its  utmost  support  to  the  free 
nations  of  the  world  in  their  battles  against  Communism.  The  President, 
m  effect,  was  saying  that  the  United  States  would  not  stand  aside  end 
see  freedom  die  in  smell  countries  around  the  world  without  e  fight.  At 
the  time  be  pledged  that  support,  he  listed  the  three  types  of  conflict 
that  could  be  envisioned. 

At  the  top  of  the  list,  of  course,  is  the  nuclear  holocaust;  next 
are  Limited  ware;  and  finally  insurgent  actions  within  a  specific 
country.  The  support  he  was  offering  followed  earlier  statements  by 
Premier  Khrushchev,  who  had  listed  the  same  thrsi  types  of  conflict 
and  had  threatened  that  if  in  the  propagation  of  Ccaumniem  it  was 
necessary  to  engage  in  any  of  those  conflicts,  Russia  would  deal  itself 
in. 


First  let  us  consider  some  definitions.  Limited  war  is  one  that 
is  limited  in  some  aspect,  such  as  geographical  area,  types  of  troops, 
or  the  method  oi  fighting.  Examples  of  this  type  of  war  ere  the  Korean 
action,  the  Indo-China  war,  and  the  most  recenx  Indie-Chinese  skirmishes. 
Each  of  theaa  were  confined  to  comparatively  small  areas  and  at  no  time 
threatened  to  extend  into  a  world  conflict.  Of  acre  limited  character 
is  the  insurgent  action,  whereby  some  elements  within  a  country  attempt 
to  overthrew  the  existing  government  by  military  force. 

Since  that  tine,  limited  wars  and  Insurgent  actions  have  broken  out 
in  increasing  numbers,  end  countries  around  the  world  heve  sought,  end 
been  given,  U.  S.  support  to  preserve  their  wsy  of  life. 

In  furnishing  this  support  we  have  found  thet  instead  of  an  advanced 
type  of  conflict,  tno  t res  world  is  engaged  in  numerous  amsli-seaje,  old- 
faenioned,  brush-fire  war).  We  found  that  these  small  ware  could  be 
prosecuted  to  better  advantage  with  Vw'  II  weapons  and  equipmonr,  than 
with  the  latest  technological  systems  that  had  been  designed  primarily 
for  the  wholly  unwanted  ell -out  nucleer  war.  Meet  of  the  conflicts 
nave  been  in  jungles  or  other  remote  erase  where  it  was  almost  impossible 
to  extend  supply  lines  or  provide  eir  cover.  We  soon  realized  that  * 
change  had  to  be  made  in  weapons  and  tactics  if  tne  support  we  were  giving 
was  to  be  of  value. 

The  United  Stxtes  reacted  by  setting  up  the  A?  Systems  Coaasond’o 
Limited  War  Management  Office,  special  eir  warfare  centers,  and  various 
ft- strike  groups  within  the  erase  services. 


My  discussion  is  concerned  with  just  one  area  in  the  study  ol  new 
concepts  and  techniques  to  prosecute  both  limited  wars  and  special  air 
warfare  actions.  Ann  for  this  discussion,  we  can  consider  limited  war 
and  special  air  warfare  as  the  same  thing. 

I  am  here  to  discuss  site  support,  including  such  items  as  shelters 
and  logistics,  and  in  particular,  expandable  structures. 

LIMITED  WAH  SUPPCHT  REQUIREMENTS : 

Any  item  or  concept  being  considered  for  application  to  limited  war 
support  should  meet  certain  limited  war  requirements.  For  evaluation  of 
the  applicability  of  expandable  structures  to  limited  war,  we  must  first 
consider  the  support  requirements.  See  Figure  1. 

Environment 


A  limited  war  may  be  started  in  any  part  of  the  world.  The  design 
criteria  for  support  items  must  include  environmental  considerations 
that  are  global  in  nature,  However,  there  are  certain  areas  of  the 
world,  by  the  nature  of  the  terrain  and  environmental  conditions,  that 
are  more  likely  to  support  an  insurgency  or  limited  war  action.  Areas 
that  provide  good  cover  or  aamouflaee  such  as  jungles,  delta  areas,  or 
inaccessible  portions  of  a  country  are  more  likely  to  support  these 
actions  than  desert  or  arctic  conditions.  Therefore,  for  the  most  part, 
our  design  can  be  based  on  temperature  conditions,  rather  then  on  extremes 
of  environment. 

Critical  Support  Areas 


The  critical  support  areas  ior  limited  war  or  counterinsurgency 
actions  usually  take  place  in  the  moat  remote  areas  of  a  country.  This 
is  the  piece  where  hostile  forces  or  insurgents  usually  gather  to  avoid 
detection.  From  this  area,  the  hostile  action  usually  begins.  In  larger 
or  very  Inaccessible  countries,  the  amcseing  ol  insurgents  may  happen  at 
several  dispersed  points. 

The  conflict  would  therefore  take  place  at  these  remote  points  when 
the  enemy  forces  first  meet  resistance.  Government  troops  are  usually 
airlifted  by  means  of  helicopters  to  these  areas  to  combat  insurgents 
or  hostile  groups.  As  the  battle  is  taking  place  in  these  remote  aitea, 
troops,  supplies,  anas,  and  other  materials  become  critioal  support  items. 

Other  critisal  support  areas  ere  these  requiring  emt-guncy  aid.  This 
could  be  natural  disasters,  such  as  earthquakes,  emergency  civil  disorder, 
or  to  aid  atranded  personnel  whose  aircraft  have  been  downed  in  remote 
areas. 
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The  rsmote ,  front  line  inu  which  need  the  largest  volume  and  weight  of 
supplies  remain  the  most  critics),  support  areas.  Those  peaceful  countries 
which  are  underdeveloped  and  have  no  udequate  transportation  system  can  also 
be  listed  as  an  area  for  major  supply  concern. 

Logistic  Requirements 

The  conflict  occurs.,  as  stated  before,  in  remote  areas  that  support 
Insurgent  gatherings.  As  such,  these  are  usually  eway  from  main  aupply 
lines,  and  not  connected  to  good  transportation  facilitiea. 

To  adequately  support  any  counteraction  or  drive,  the  proper  material 
must  be  supplied.  To  enhance  cargo  efficiency,  the  supplies  should  be 
packaged  in  a  small  volume,  and  should  not  be  unwieldy.  This  includes  the 
formation  of  proper  packaging  and  shaping  concepts.  The  material  must  also 
be  capable  of  being  stored  for  long  periods  of  time. 

It  must  be  air  transportable  to  the  inaccessible  areas,  and  the  material 
or  system  must  be  able  to  be  quickly  utilized  on  arrival.  System  reusability 
is  dependent  on  new  coats  of  a  system  versus  the  labor  and  effort  to  repackage 
the  original  item.  Some  systems  need  destruction  capability  In  forward  ■no¬ 
man'  a  land*  where  control  of  these  areas  are  in  doubt  from  day  to  day.  All 
these  logistics  requirements  are  dsslrsble  in  any  altuatlon,  but  in  limited 
war,  and  counterinsurgency  actions,  they  are  imperative. 

Support  Requirements 

There  are  many  individual  eupport  items  needed  in  any  limited  war  type 
engagement.  However,  for  our  consideration  only  functional  alts  support 
1  tarns  ah  all  ba  discussed. 

Shelter*  are  the  structural  items  that  are  moat  frequently  thought  of 
and  spoken  about  whan  expandable  structures  are  mentioned.  1  Shelters  ar* 
a  natural  candidate  for  expandable  structure  research.  As  they  are  necessary, 
a  low  volums/weigbt  packaged  expandable  structure  can  provi  a  a  large  inside 
clear  structural  volume  necessary  for  a  usable  shelter.  Other  necessary 
support  items  are  large  enclosed  storage  areas  needed  for  protection  against 
climate  end  for  camouflage.  (Sea  figures  3  and  4)  Pipelines  era  also 
necessary,  either  on  a  remote  site  for  fuel  and  other  oils  transfer,  or 
from  ship  to  ahora  transfer  or  the  possible  transfer  of  fuel  from  control 
baas  to  remote  baas.  2  Protection  bunkers,  fortifications  and  waathar 
protection  structures  for  ready  arms  a re  also  needed.  Hazardous  or  special 
fuel  storage  facilities  art  needed  away  from  tbs  main  baas  areas,  and 
expandable  structures  such  as  large  storage  tanks  are  necessary.  Special 
purpose  base  operation*  structures  such  as  photo  reconnaissance,  electronic 
warfare,  or  reaupply  airdrop  structure  package  techniques  (Sea  figure  3) 
ar*  needed  and  often  required  in  forward  areas.  °  Expandable  structures  can 
aaaiat  in  thaaa  areas  by  providing  the  apacial  capability  needed,  and  also 
reduce  weight,  volume,  and  logistic  problems. 
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EX' ANI'ABLE  STRUCTUHE  TYPES: 


There  are  msxy  classifications  of  expandable  type  structures .3  Many 
have  Hated  these  in  various  forms,  but  for  consideration  for  limited 
war  applications ,  see  groupings  as  shown  in  Figure  2.  Expandable 
structures  generally  offer  the  following  advantages:  low  package 
volume  to  final  volume,  lightweight,  easily  transportable,  may  be 
rigidized  or  reused,  low  erection  time,  fewer  required  supporting 
personnel,  generally  have  a  high  atrength  to  weight  ratio,  and  can 
be  constructed  to  various  shapes.  The  structures  as  listed  in  this 
grouping  are:  Inflatable,  Unfurl able,  Foamable,  and  Unfoldable, 

Inflatable  Structures 


Inflatable  structures  are  listed  as  follows:  (a)  those  that  ars 
rigidised  by  inflating  with  a  gas,  thus  catalyzing  and  rlgldizing 
the  flexible  iebnc  by  crosslinking,  (b)  those  that  are  self 
rigid! zing  by  other  means,  such  as  release  of  a  subliming  material 
which  then  rigidizea  the  system  (plasticizer  boil  off)  or  (c)  those 
that  are  dependent  upon  air  or  other  gas  for  support  and  rigidity. 
All  these  typea  have  advantages  of  low  package  weight  and  voluua. 
The  self  ngidizing  structures  have  good  load  carrying  capacity 
without  possibility  of  collapse  due  to  air  leakage,  such  as  the  air 
supported  structures,  but  may  not  be  reused  as  the  elr  supported 
structure.  Each  may  have  use  for  various  applications.  Various 
materials  mey  be  used  for  these  structures,  such  as  encapsulated 
reactants,  airmat,3  honeycomb  and  other  plastics  and 

resins. 


Unfurlable  Structures 

These  are  structures  that  expand  by  various  me  art ,  such  as 
telescoping  and  accordian  type  methods.  These  types  may  bs  elongatsd 
into  final  volume  by  pulling  or  utilizing  other  outsiae  energy  source. 
Compressed  structures  are  those  thet  unfurl  or  expend  when  either  e 
gas,  liquid,  or  force,  causes  the  structure  to  expand,  as  e  compressed 
sponge  type  material  does  when  absorbing  water.  The  final  shaps  and 
volume  may  become  rigid  after  this  process.  Stretch  typo  structures 
are  those  that  are  stable  when  static  but  when  a  force  ia  applied 
may  stretch  to  a  finai  volume.  Tnis  may  bo  an  “Accordian  type* 
structure  or  a  stretch  type  cover  over  an  expanding  rib  structure 
system.  Such  structures  may  also  be  stretched  beyond  the  material 
yield  strength  for  final  shape  stability.  These  structures  may  be 
built  of  various  plastics,  including  memory  pi as tics ,3  rubber  type 
materials,  metal  structural  ayatems,3  and  other  resins  and  foams. 


MATttlAlV-  URITHMUS,  OTHW  RftM %  MATERIAL*:  VAXKM5  HXK  STRUCTURE*, 

4  WAS TICS  RU5TK5,  W«Q,  Mfttl 


Foamab  1  e  Structures 


These  er*'  structures  that  stay  be  fabrlcateu  by  utilizing  such 
reactants  aa  polyurethane  foaming  agents.  Many  investigations  bass 
been  conducted  for  utilizing  foams  for  structural  applications. 

The  lntest  investigative  research  is  attempting  to  encapsulate  these 
reactants1 *3*®  for  application  to  expandable  structures.  The  encap¬ 
sulated  inert  reactants  would  be  applied  to  an  inflatable  sold,  ard 
then  compactly  packaged.  Upon  inflation,  the  capaulee  would  be  ruptured, 
the  structure  would  then  be  ‘foamed1  and  rlgidlzed.  The  inflatable 
mold  could  be  reused.  Other  research  has  teen  accomplished  to  utilize 
spray  urethane  foam  for  shelter  fornstlon.9  ‘One  shot*  foaming  systems 
have  also  bean  investigated  for  urethane  structural  applications.' 

Other  means  of  foaming  atructures  may  be  by  confining  an  inert 
epoxy  or  urethane  foam  reactant  between  two  flexible  skins,  which 
ngjdize  upon  foaming,  or  by  impregnating  or  piecing  a  resin,  plastic 
or  o*her  component  on  or  into  a  fabric  which,  upon  addition  of  water, 
heat,  lc  or  other  gaa  or  liquid  chemlcala,  foam  and  rlgidize  the 
structure, 

Un  foldable  Structures 


These  ere  the  classical  modular  or  other  basic  type  sLelters  or 
structures  which  ere  pre-fabneated  and  erected  at  a  site.  They  may 
come  in  various  geometric  shapes,  incorporating  designs  such  aa  plastic 
folded  plate  structures,  11  geodesic  domes,  and  double  curved  designed 
structures.  These  normally  would  require  the  longest  set  up  or  erection 
time  of  all  the  types  described. 

EXPANTABLt  STRUCTURES  APPLICATIONS 

Figure  six  (See  Fig.  b)  aunaarlzcs  those  expandable  structure 
applications  that  can  be  used  for  l'-ited  war.  Figure  six  (6) 

Integrated  the  support  requirements  of  fiijure  one  (1}  and  the 
exjandabU  structure  types  of  figure  two  (2),  and  shows  applications 
and  some  distinct  usages  or  advantages  for  each  system  previously 
described.  As  this  figure  summarizes  and  integrates  information 
previously  described,  it  will  not  be  discussed  In  detail. 

CURRENT  SH2LTIB  SYSTEMS 

As  outlined,  expandable  structures  offer  many  distinct  advantages 
over  conventional  structured,  especially  shelters,  and  of  these  numerous 
advantages,  erection  time  of  current  shelter  systems  offers  a  good 
comparison  point,  (.See  Figures  7  4  8) 
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Figure  9  shows  the  various  erection  times  of  current  design  shelters 
avsileble  for  use  in  remote  front  line  arses  today.  i2,13 

As  cen  be  seen  by  this  table,  required  erection  times  of  buildings 
20'  i  4 8'  in  si2e  are  40  to  186  manhours,  and  shipping  weight  and  cubage 
vary  considerably.  Larger  buildings  show  even  greater  variance. 

A  wooden,  straight  aided,  20  x  46  foot  building  had  a  total  shipping 
weight  of  11, 230  pounds,  a  total  shipping  cubage  of  288.3  cubic  feet,  and 
required  146.3  manhours  to  erect.  Another  sandwich  panel  building,  modular 
type,  decreased  the  erection  tins,  but  increased  the  shipping  weight  and 
cubage.  This  20  x  48  typ  ,  structure  had  a  total  shipping  weight  of  13,645 
pounas,  a  1406  shipping  cubage,  but  took  only  46.5  manhours  to  erect. 

Arch  type  ouildlngs  generally  utilize  less  cubage,  total  weight  and 
erection  time,  but  the  reductions  are  not  significant.  A  20  x  46  lurch 
type  metal  barracks  shipping  weight  was  9.759  pounds,  cubage  equalled 
lb2.5  cubic  ft  ' .  no  erection  time  was  97.1  manhours.  Largsr  structures 
shipping  weigh.  jbage,  end  erection  times  are  given  in  table  one  (1). 

Ir.  comparison  to  these  figures,  in  on  expandable  structure 
demonstration  to  be  given  under  AF  Contract  AF33(657)-104°9»  an 
expandable  cylinder  structure  of  7  feet  in  diameter  (final  voluMS 
equal  to  ap' roximately  400  cu.  ft.)  had  a  shipping  weight  of  100 
pounds,  occupies  only  2  cubic  feet  of  shipping  volume,  and  upon 
experiment  initiation  is  progressed  to  rigidlze  in  less  than  an  hour. 

This  experiment  dramatically  points  out  the  great  advantage  to  t« 
gained  by  use  of  terrestrial  expandable  structures.  A  20*  x  48- 
expandable  structure  would  have  an  estimated  shipping  weight  equal 
to  2.400  pounds  and  cubsge  of  50  cubic  feet  and  an  erection  time  of 
12  manhours. 

EXPANDABLE  SHELTER  ASSETS 

These  previous  figures  establish  that,  if  an  expandable  structure 
shelter  could  reduce  erection  time  one  third,  it  would  be  of  tremendous 
value.  To  reduce  the  shipping  v*igx\,  cubage  volume,  and  erection  time 
is  a  much  needed  advancement  to  tbe  state-of-the-art.  Expandable 
structures  ere  cepable  of  doing  thiaj  Tbe  very  nature  of  an  expandable 
structure  system  allows  tbase  three  logistic  Itsms  to  be  reduced 
proportionally.  Their  value  to  a  logistic  system  servicing  e  remote 
or  forward  area  would  be  extraordinary.  The  simplicity  of  design  and 
operation  of  the  expendable  structure  system  would  create  an  even 
greater  asset  to  the  total  usefulneas  of  such  a  oyatem.  Therefore, 
expandable  structures  do,  and  must  have  s  future  place  in  any  limited 
war  support  actions , 
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expandable  structure  research 

lfce  applications  and  advantages  for  expendable  structures  have  been 
very  carefully  established.  Their  usefulness  in  remote  and  front  line 
areas  for  limited  war  actions  have  been  highlighted.  The  limiting 
factor  that  now  prevents  this  technology  to  be  applied  to  this 
application  of  limited  war  is  that  of  further  research. 

Hire  research  must  be  accomplished  to  determine  and  design 
specific  usabie  concepts  for  expandable  structures.  This  paper  has 
stressed  the  requirements  end  applications,  but  concepts  must  be 
formulated,  and  design  approaches  established.  Some  research  has 
been  eccomplished  for  a.ecific  purposes  of  expandable  structure 
types, ^  but  more  must  be  .^mpleted  before  acceptance  of  the  useful 
expandable  structures. 

In  come  instances,  this  will  mean  qualification  proof  testing  to 
rid  the  old  fashioned  *2  by  4,  sixteen  inch  studs  on  center*  frame  of 
amd  that  has  entrenched  itself  in  unprogressive,  archaic  codes  of 
cities  and  armed  service*  alike.  We  must  move  forward  by  presenting 
factual,  undisputed  data  for  acceptance  of  this  technology.  Limited 
war  apDlicatlons  of  expandable  structures  offers  us  this  opportunity. 

Ccnclua  ions : 

1.  Expsndable  structure  technology  is  feasible. 

2.  Expandable  structures  otfer  definite  advantages  for  limited 
war  usage. 

3.  Further  expandable  structure  research  for  limited  war 
applications  is  necessary. 
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SPACE  MAINTENANCE  .tANGAR  CONCEPTS 


INTRODUCTION 


Providing  man  with  a  maintainable  system  because  a  major  problem  area 
a  a  manna  d  space  flights  becctra  more  extended  In  time  and  through  apace.  A  de¬ 
cision  has  to  be  made  early  In  the  system  design  phase  as  to  how  the  system 
will  be  maintained;  such  as.  add  redundancy,  abort  the  mission,  repair  or 
replaoe  a  faulty  component.  If  man  wants  to  obtain  the  capability  to  perform 
long  space  flighle,  he  must  resort  to  the  repair  and  replace  phlloeophy. 

The  Support  Techniques  Division  of  the  Aero  Propulsion  Laboratory  baa  for  the 
past  three  years  besn  engaged  in  an  exploratory  development  program  to  obtain 
the  capability  to  assemble,  maintain,  repair  and  replace  components  of  a 
apace  vehicle  in  a  space  environment.  The  program  has  bean  divided  Into 
four  categories:  (1)  Extra  vehicular  activities  (method  of  propelling  man 
between  spacecrafts  to  perform  maintenance,  repair,  rescue  and  apace  station 
assembly),  (£)  Tools,  fasteners  and  attachment  techniques,  (3)  Maintenance 
philosophies  and  concepts,  (4)  Protection  for  the  man  while  outside  the 
vehicle.  This  paper  is  concerned  with  Category  4  and  will  apeciflcally 
discuss  space  maintenance  hangar  concepts. 

PURPOSE:  The  primary  purpose  of  this  paper  la  to  present  a  discussion  on  the 
Justification,  requirements,  and  possible  structural  concepts  for  a  space 
maintenance  hangar.  An  objective  of  this  discussion  is  to  stimulate  other 
Investigators  to  consider  future  research  in  this  area, 

SCOPS:  This  paper  will  cover  the  general  results  of  the  Air  Force  space 
maintenance  programs,  requirements  for  a  maintenance  hanger,  design  concepts 
far  a  maintenance  ha  agar  criteria,  and  recommendations  for  future  work  in 
this  area.  It  is  not  within  the  scope  of  this  paper  to  present  a  detailed 
design  for  a  specific  space  hangar  concept. 

For  a  discussion  of  hangar  coaoepta  for  maintenance  application  In  a 
cosmic  envlroaoer.t  to  have  any  real  meaning,  one  oust  have  acme  knowledge 
of  ths  background  establishing  the  requirement  for  this  hangar.  Therefore, 
the  approach  used  In  this  paper  is  to  first  discuss  the  efforts  and  Invests 
gatlon  completed  to  date  thr.t  have  been  directed  toward  obtaining  the 
capability  to  maintain,  assemble,  repleoe/repalr  systems  In  s  space  environment. 
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SP4C3  MAINTENaNCB  uxCKGflOUND 


Space  Maintenance  la  defined  aa  the  ability  to  perform  maintenance 
on  a  space  tenlcle  sometime  between  launch  and  recovery.  This  la  a  a  mple 
capability  to  state  In  words,  but  a  difficult  one  to  achieve  in  space,  due 
to  the  hazards  and  problems  Imposed  by  the  anvlromsent.  factors  such  as  lack 
of  spar-js,  no  malntanance  depot,  cramped  quarters,  high  racuum,  radiation, 
light  contrasts,  suit  mobility,  are  some  of  the  problems  to  be  eolved  In 
achieving  a  maintenance  capability.  Why  then  pursue  it  at  all?  The  following 
discussion  is  an  attempt  toward  answering  this  question. 

As  man  orbits  ths  earth  for  longer  and  longer  periods  of  time  or 
travels  to  ihs  moon  or  other  planets,  the  ability  to  return  him  In  an  emer¬ 
gency  becomes  more  and  more  Impractical.  Therefore,  the  main  reason  for 
ln-space  TOln.enanca  is  survival  of  man  himself.  The  key  to  successful 
long  term  space  flight  Is  a  100*  reliable  system  which  is  currently  impos¬ 
sible.  This  reasoning  stsms  from  the  relations  Rg  =  where  R,  Is  over¬ 
all  system  reliability,  R^  is  individual  component  reliability  and  Is  ths 
number  of  elements,  From  this  relation,  it  can  be  seen  that  with  mors 
enmplax  systems  having  more  ccmponints,  tto  probability  of  success  decreeses. 
This  being  tim  problem,  then  how  can  reliability  be  Increased?  There  are 
three  basic  techniques  which  are  as  followsi 

1.  Improve  Individual  component  reliability 

2.  Use  redundant  parts 

3.  Irovld#  repair  capability 

The  first  msthod  Is  sslf  explanatory.  Ths  space  system  designer  and 
builder  places  emphasis  on  product  design,  quality  control,  and  testing  to 
improve  the  reliability  of  each  component.  This  method  is  slow  and  pro¬ 
gress  becomes  asympototic  as  the  reliabilities  approach  100*.  In  Figure  1. 
Curve  A  shows  the  predicted  Increase  In  system  reliability  due  to  technological 
advances  on  individual  compoasnts.  This  Improvement  cycle  must  be  accom¬ 
plished  on  each  new  weapon  system,  and  because  each  new  system  has  new  com¬ 
ponents  this  process  Is  accomplished  only  after  considerable  time  has  elapsed. 

Ths  second  method  Is  redundant  components  In  parallel.  The  mathematical 
relation  expressing  redundancy  Is: 

where  ad  Is  the  number  of  components  in  parallel,  A  high  degree  of 
reliability  can  ? '  achieved  by  adding  more  and  more  components  In  parallel. 
Other  factors  enter  the  picture  to  prevent  all  but  a  limited  use  of  this 
method.  These  limiting  factors  srs  weight  and  cost.  Booster  technology  and 
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capabilities  hava  been  governing  factors  tu.  physical  alas  an-1  weight  of 
spacecraft.  This  has  resulted  in  miniaturization  and  micro-miniaturization 
of  components  in  order  to  give  man  the  necessary  equipment  to  perform 
his  mission.  Redundancy  has  limited  to  electronic  components,  and  to  acme 
critical  control  functions.  This  was  illustrated  in  ft-ojsct  Mercury,  where 
redundant  attitude  controla  were  provided.  Therefore,  trade-offa  between 
redundancy,  costs,  and  weights  are  necessary. 

The  third  method  is  to  provide  a  repair  capability.  Thia  has  the 
potential  of  achieving  full  redundance  without  the  cost  and  weight.  It 
also  involves  man  to  seme  degree.  There  are  three  levels  at  which  man 
parti ci pates j 

1.  Systsm  Monitor 

2.  Interior  Maintenance 

3.  Complete  Maintenance 

la  a  ayatsm  monitor  the  latronaut  will  monitor  all  performance  sensors 
and  detect  system  degradation  or  malfunctions.  Ha  serves  as  system  inter¬ 
rogator  and  mentally  relates  the  equipment  status  to  determine  what  &  tlon 
is  required  to  coirect  malfunctions.  Normally,  his  *on-  ho-ap-t*  Judgnent 
plus  ground  tracking  data  Jointly  establishes  the  course  of  action  whether 
it  be  to  dsorblt  or  to  continue  mission  with  a  degradated  system.  The  only 
repair  capability  provided  in  this  mothod  is  switching  in  redundant  parte. 

Since  the  study  by  Sell  lerosystems  Company  (Ref.  Indicates  that 
bOi  of  all  r  ''functions  of  a  manned  system  can  be  reached  from  within  the 
spacecraft,  i;  ia  then  possible  to  provide  the  Astronaut  with  a  limited 
maintenance  capability.  Such  a  capability  would  be  limited  to  electronic, 
life  support,  and  environmental  control  systems.  Due  to  the  severe  volu¬ 
metric  limitations  of  current  spacecraft,  this  would  not  provide  a  sufficient 
"jcreaae  in  maintenance  capability  over  the  first  level  of  participation 
to  warrant  consideration.  However,  with  future  spacecraft  such  aa  orbiting 
space  stations,  the  Astronaut  could  accomplish  many  repairs  from  within  the 
cabin. 

The  complete  maintenance  capability  involves  man  exiting  the  spacecraft 
to  perform  extra  vehicular  repair  tasks  on  bis  or  other  space  vehicles. 

This  conoept  would  near  the  IQOjC  reliability  desired  in  spacecraft  provided 
man  has  the  capability  to  exit  the  craft  with  the  tools  and  necessary  spares 
to  accomplish  the  repair. 

Man  uses  his  visual  senses  to  survey  the  performance  indicators,  his 
mental  capacity  to  Interrogate  this  instrument  to  determine  criticality  of 
the  malfunction  and  decide  the  course  of  action,and  finally  his  physical 
strength  and  ihxterity  required  to  accomplish  the  repair.  leaving  the 
spe>*craft  ha  enters  a  hazardous  environment  and  will  require  the  followlngi 
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1.  Physiological  protection  against  the  environment, 

2.  Propulsive  means  to  move  him  from  place  to  place. 

3.  Tools  and  equipment  to  accomplish  the  tasks. 

4.  A  preplanned  maintainable  vehicle. 

This  paper  will  discuss  these  factors  in  reverse  order.  First,  a 
preplanned  maintainable  vehicle  is  one  into  which  in-space  maintenance  has 
bean  designed.  A  study  of  potential  spacecraft  (Ref.  1)  shows  that  spaoe 
vehicles  In  being  or  in  tiie  planning  stage  are  not  designed  for  maintenance 
once  the  vehicle  leaves  the  pad,  except  for  a  few  redundant  components  in 
critical  areas.  This  study  shows  thet  components  which  are  likely  to  fail 
would  require  a  major  disassembly  effort  to  gain  access  to  the  defective 
Part.  In  addition,  the  fasteners  utilized  in  most  cases  would  be  difficult 
to  remove  even  in  the  normal  enviroanent.  Efforts  are  being  made  by  the 
Air  Force  Aero  Propulsion  Laboratory  to  establish  ths  necessary  criteria 
so  that  space  vehicle  designers  can  design  their  craft  to  be  maintainable 
in  space. 

Second,  the  proper  tools  and  equlpnent  must  be  provided,  end  this 
effort  be  conducted  concurrently  with  the  design  criteria  and  maintenance 
concepts.  Today  research  and  experimental  tasting  In  an  actual  weightless 
environment  is  being  accomplished  to  develop  low-torque  multi-purpose 
tools  (Fig.  2).  As  the  Astronaut  will  be  in  weightlessness  outside  the 
spacecraft,  he  must  attach  himself  to  the  worksite  so  thet  the  low  torque 
transmitted  to  him  by  the  tools  can  be  transmitted  to  the  work  site.  One 
such  technique  is  shown  in  Fig.  J.  This  method  utilized  three  light  weight 
telescoping  tubas  which  cen  bs  extsndsd  to  ths  spacecraft  by  tbo  Astronaut, 
Pads  would  be  located  on  ths  and  of  these  tubes  and  would  contain  contact 
adhesives.  Ones  these  pads  are  pressed  against  the  surface,  they  will  la- 
atantly  make  a  bond.  Ths  maintenance  worker  simply  pulls  a  quick  release 
pin  and  telescopes  ths  tubes  to  a  minimum  package  after  completion  of  this 
mission. 

The  third  requirement  to  leave  the  spacecr»;t  is  a  propulsive  device 
to  move  about  the  vehicle  surface  or  to  a  — '  -„d  vehicle.  I  he  various 
techniques  to  accomplish  this  are  discussed  in  (Ref.  2),  This  analysis 
(Ref.  3)  8 hows  that  the  Astronaut  Maneuvering  Dart  la  the  best  device  today 
for  providing  this  capability.  Tne  Astronaut  Maneuvering  Unit  (AMD)  (Fig, 

4)  is  a  self  contained  oockege  confining  propulsion,  stabilization,  Ufa 
support  and  envirransntal  jontrcl,  and  its  own  power  supply.  This  package 
is  back-mounted  tj  keep  the  anas  end  legs  free.  It  can  he  designed  to  provide 
ranges  to  30*000  feet  aod  a  4-hour  life  support  capability.  Short  range 
AMU's  could  be  designed  to  fit  either  the  been  or  cbest  depending  on  which 
type  and  size  spacecraft  is  can  be  carried.  Typical  variations  are  shown 
la  fig.  5* 


Figure  ti 
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a?£~a/t  ween  an  isms  in  usf 


Figure  4 
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Finally,  tbs  fourth,  but  most  Important  consideration  for  extra 
to  hi  cu  lor  szcurstlons  la  protection  of  man  against  the  environnenta,  There 
are  three  categories  of  protection  which  ccn  be  afforded  to  the  man.  These 
are* 

1.  Space  Suit 

2.  Space  Capsule 

3.  Space  Ffengar 

The  prli  «ry  purpose  for  this  paper  la  the  latter,  a  maintenance  hangar, 
although  apace  suite  will  a.l3o  be  dismissed.  Briefly,  these  three  differ  by 
the  length  man  is  able  to  stay  outside  the  spacecraft.  Research  on  space 
suits  07sr  the  next  fire  years  will  sire  man  the  capability  for  at  least  a 
two  hour  excursion  outside  nis  vehicle  and  may  with  the  technological  break¬ 
throughs  attain  four  hours.  The  spate  capsule  (Fig.  6)  is  0  hard  shell 
enclosing  the  man  and  giving  better  protection.  The  capaule  can  increase 
the  capability  to  6-12  hours;  however.  It  has  two  distinct  disadvantages. 

Cbe  is  Increased  weight.  The  AMD  (150#)  plus  suit  end  man  (190#)  weighs 
about  3 40#  while  the  capaule  would  be  700 -b 00#.  The  second  problem  la  that 
«.n  must  now  use  manipulators  for  hands  and  will  Increase  the  time  to  accaa- 
plish  a  task  by  about  10  times.  The  space  hangar  concept  combines  the  flexi¬ 
bility  of  suit  with  a  protective  shell  to  provide  the  most  effective  means 
of  performing  space  maintenance. 

So  viral  hangar  concepts  will  now  be  presented  and  the  requirements  uaed 
to  establish  thass  concepts  will  be  discussed  later. 


General  Concept : 


The  simplest  type  of  s 
and  operational  point  of  v! 
hangar,  as  shown  In  Figure 
materiel s  now  in  use.  The 
3truction,  with  exterior  eh« 
f runes,  honeycomb,  or  rigt' 
(Figure  7)  »ould  be  a  sirapl 
airlock  would  be  at  the  opp' 
swung  towards  the  Inside  o' 
ing  problem  of  an  internal', 
the  hangar  door  or  airlock 
the  overall  vehicle  length  ' 
instance,  if  a  cylindrical 
of  maximum  dimensions  20  it 
need  a  hangar  of  at  least  j 

Materials! 

As  previously  mentlonet 
which  would  be  available  f 
struction  of  a  rigid  maintu 
of  design  would  be  a  double- 
inch  ceil  size  aluminum  non-, 
rigid  urethane  form.  Rigid 
airlock  opening  and  possible 
The  double  wall  construct u 
protection,  while  the  hone; 
high  strenght-  to-wei^ht  rat, 
would  minimize  extensive  da 
fragmenting  of  the  exteriui 
penetrations.  One  of  tae  mr 
hangar  concepts  ere  seals  f 
alleviate  this  problem  is  t 
will  be  relatively  small, 
with  a  higher  leak  rate  tha 
application. 

Proposed  Operation i 

The  vehicle  may  have  Jt 
Astronaut  Maneuvering  Unit 
over  a  disabled  vehicle,  i 
objective,  the  space  malntt 
the  ai-lock.  The  hangar  wl 
worker's  space  suit  pressure 
power  supply  system.  Cheral 
collector  could  be  used  to 


Advantages: 


This  type  of  space  hangar  has  several  advantages;  considerable  knowledge 
on  design  procedures  exist  for  a  rigid  double  wall  cylinder,  utilized  con¬ 
ventional  well  known  materials,  and  comp.etely  assembled  can  be  checked  out 
on  ground.  Each  of  these  advantages  has  considerable  merit;  however,  thia 
type  of  hangar  concept  has  several  elgnificant  disadvantages. 

Disadvantages: 

One  main  disadvantage  of  this  system  is  that  it  has  definite  size  limi¬ 
tations.  In  other  words,  the  maximum  hanger  diameter  must  be  compatible  with 
its  launch  booster.  It  appears  unrealistic  considering  the  size  of  even  the 
largest  booster  to  attempt  to  put  a  hangar  of  larger  than  twenty-five  feet 
in  diameter  into  orbit.  Another  point  of  interact  is  that  a  largo  hengar  would 
probably  require  the  largest  booster  in  the  inventory  from  a  size  standpoint, 
but  from  a  weight  standpoint  would  utilize  a  signif icantly  smaller  booster. 

It  is  relaized  that  the  inside  of  such  a  hangar  could  possibly  be  utilized  to 
transport  secondary  cargo  intc  orbit,  Mo:t  likely  this  type  of  haogar  has 
application  for  maintenance  cn  small  unmanned  satellite  systems. 


e  knowledge 
ized  con- 
necked  out 
ver,  this 


size  limi- 
patible  uith 
of  even  the 
five  feet 
o  hengar  wou  Id 
standpoint, 
r  booster, 
utilized  to 
anger  has 
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TELhSOOPINC  SPACE  MAINTENANCE  HANGAR 


General  Coreept; 

A  cursory  review  of  previous  discussion  on  the  rigid  cylinder  hangar 
shows  that  the  only  practical  way  to  place  large  size  maintenance  hangars 
into  space  requires  the  use  of  an  expandable  structure.  This  conclusion  is 
baseu  on  tho  fact  that  boosters  have  a  definite  size  limitation.  There  are 
many  basic  types  of  expandable  structures;  however,  this  paper  will  discuss 
only  telescoping,  inflatable,  and  chemically  rigidlzed  structures.  The  first 
structural  concept  to  be  discussed  will  be  the  telescoping  concept. 

A  telescoping  maintenance  hangar,  as  shown  in  Figure  8, would  be  comiiosed 
of  a  number  of  sliding  cylinders.  Each  cylinder  section  would  be  slightly 
larger  tnan  its  adjacent  section  on  one  side  only.  A  telescoping  hangar  of  four 
(4)  sections  in  length  could  be  sent  into  orbit  in  a  launch  configuration  of 
one  quarter  its  total  length  plus  the  height  of  a  domed  end  cap.  It  le  sig¬ 
nificant  to  note  that  the  launch  package  must  still  be  of  the  same  diameter 
as  the  fully  expanded  hangar.  Newartneless,  a  telescoping  hangar  has  some 
ap  ilications  where  it  is  desirous  to  place  an  extremely  long  hangar  into  orbit 
as  opposed  tc  its  diameter. 

The  hangar,  ao  shown  in  Figure  8, would  have  one  hemispherical  end  in  which 
would  be  located  life  support,  power  generating  equipment,  fuel  for  reaction 
jets,  etc.;  and  at  the  other  end  of  the  hangar  would  be  the  airlock  door.  Again, 
this  door  would  bv  necessity  be  swung  into  the  hangar.  A  flexible  bladder  could 
be  fastened  to  the  inside  of  the  structure  to  minimize  air  leakage. 

Materials: 

The  materials  that  the  authors  would  proposed  for  a  telescoping  space  main¬ 
tenance  bant  -r.  ere  similar  to  the  rigid  cylinder  materials.  These  are  two 
sheets  of  aluminum  alloy  separated  by  aluminum  honeycomb  filled  with  a  urethane 
foam  attacne.i  to  forged  alununum  alloy  framea  located  at  each  end  of  tele¬ 
scoping  sections.  A  metallic  bar  X  seal  could  be  utilized  to  minimize  leaks 
and  expedite  deployment.  This  bladder  could  be  a  woven  organic  fabric  im¬ 
pregnated  with  a  flexible  urethane  plastic  film. 

Proposed  Operation : 

The  space  maintenance  hangar,  after  being  boosted  into  orbit,  could  either 
be  automatically  deployed  or  deployed  semi -automatically,  utilizing  tho  capa¬ 
bility  of  the  space  maintenance  astronaut.*  Once  the  hangar  baa  been  extended, 
the  reaction  Jata  could  be  operated  by  the  maintenance  worker  in  such  a  manner 
as  to  capture  the  disabled  satellite  inside  the  hangar.  Then  the  airlock  door 


•Deployment  of  a  telescoping  structure  mr>y  be  accomplished  by  either  a  mechanical 
action  -  ii’tamol  pressurization. 


would  be  ?hut  by  the  repair  worker  and  the  inside  of  the  hangar  pressurized 
to  just  equal  the  inflation  pressure  of  the  astronaut's  space  suit.  This 
zero  pressure  differential,  as  will  be  discussed  later,  would  significantly 
decrease  the  time  to  perform  specific  repair  tasks.  Needless  to  soy,  the 
maneuvering  of  the  hanear  over  the  target  vehicle  could  be  accomplished 
by  use  of  the  astronaut  maneuvering  unit  or  the  astrotug. 

Advantages: 

A  telescoping  hangar  has  two  mein  advantages:  the  capability  if  sig¬ 
nificantly  reducing  the  overall  length  of  the  hangar  during  launch  and  the 
use  of  conventional  rigid  materials. 

Disadvantages: 

There  are  several  significant  disadvantages  associated  with  a  telescoping 
structure.  A  study  by  the  Martin  Company  under  Air  Force  Contract  No, 
points  out  thut  a  telescoping  structure  designed  to  do  a  specific  mission  is 
about  1,4  times  (nef.  A)  as  heavy  as  a  rigid  conventional  cylinder  designed 
for  the  same  mission.  This  is  a  significant  disadvantage  relative  to  booster 
payload  capability.  Although,  as  previously  pointed  out,  a  designer  can 
significantly  reduce  the  launch  package  length  via  a  telescoping  structure; 
a  major  disadvantage  is  that  the  diameter  of  the  package  canrot  normally 
be  reduced.  The  diameter  ic  usually  the  most  critical  launch  package  dimension. 
Finally,  since  there  are  considerably  more  joints  in  a  telescoping  structure, 
as  compared  to  a  rigid  structure,  the  leakage  loss  for  this  type  of  structure 
would  probably  be  higher. 


IN  FLAP  ABLE  MA.il/iiiKAiJCi,  HANGARS 


General  Concept: 

The  next  structural  concept  to  be  discussed  is  most  familiar  to  expanda¬ 
ble  structure  investigators,  that  is  the  inflatable  structure.  Inflatable 
structures  have  made  sign If leant  progress  through  the  passive  conaunicatlon 
satellite  program  of  NASA. 

An  inflatable  hangar,  as  shown  in  Figure  9,  is  similar  to  the  shape  of 
the  rigid  cylinder  hangar.  The  inflatable  cylindrical  envelope  would  have 
a  number  of  small  inflatable  tubes  running  parallel  and  perpendicular  to  the 
longitudinal  axis  of  the  hangar.  These  tubes  when  initially  inflated  would 
cause  the  hangar  to  fully  deploy. 

Materials; 

The  inflatable  structural  envelope  would  be  fabricated  from  a  woven  rayon, 
dacron,  or  fortisan  fiber  imprecated  .ith  a  flexible  urethane,  polyethylene,  or 
other  flexible  elastomer.  The  tubes  which  are  inflated  for  deployment  would  be 
of  the  samB  material  as  the  envelope.  The  exterior  of  this  inflatable  struc¬ 
ture  should  be  covered  with  about  a  quarter  to  three  eights  inch  of  a  flexible 
urethane  foam  for  micro-meteoroid  protection.  Although  it  would  add  to  the 
automatic  deployment  of  the  hangar  a  second  materials  concept  which  merits 
definite  consideration  for  this  type  of  application  is  siraat  or  a  double 
walled  inflatable  drop  thread  structure. 

Proposed  Operation: 

The  inflatable  space  maintenance  hangav,  after  being  boosted  into  orbit, 
would  be  expanded  by  a  combination  of  inflating  the  small  diameter  tubes 
suown  in  Figure  9,  and  utilizing  the  potential  e.icrgy  stored  in  the  com¬ 
pressed  flexible  farm.  Once  the  structure  has  been  deployed,  the  hangar 
could  be  lowed  or  pushed  over  the  derelict  vehicle,  dhen  the  disabled  satel¬ 
lite  is  positioned  inside  the  hanger  structure,  a  torus  would  be  inflated  at 
tne  airlock  end.  This  torroid  will  act  as  o  frame  for  the  airlock  door. 

This  torus  would  be  inflated  to  a  hi^li  nflal  ion  pressure  after  which  an 
inflatable  tapered  plus  would  be  placed  in  the  torus.  This  plug  would  be 
placed  into  the  torus  from  Inside  the  hangar  by  a  mainterance  worker  and 
would  also  be  inflated  to  a  high  pressure.  The  hangar  envelope  could  then 
be  pres  arize.,  to  the  level  of  the  astronaut’s  spnee  suit  pres-.ure.  This 
pressurization  of  the  hangar  would  merely  tend  to  drive  'he  tapered  plug 
more  tif$tly  into  the  torus,  thus,  creating  a  very  good  ieel. 

Advantages : 

Tue  inflatable  maintenance  hangar  offers  several  significant  advantages. 

This  type  of  structure  con  provide  the  minimal  launch  package  volume  in  all 
directions.  This  type  of  structure  has  a  very  high  strength-to-weight-ratio. 

Tne  use  of  the  taperec,  plug  airlock  door  could  eliminate  the  hinged  door 
concept  which  in  turn  could  significantly  shorten  the  required  hangar  lengths. 
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Disadvantages: 


An  inflatable  structure  has  several  disadvantages,  juncture  can  cause  a 
loss  of  structural  integrity.  The  plasticizer  which  causes  a  plastic  to  be 
flexible  can  migrate  rapiily  in  a  s.iace  environment  and  cause  the  flexible  to 
become  brittle. 


Ciiiju*u.y  .iiaiDUia  .i'i  ags  .-^iirr^ics  H*i.o«as 


'Jemr^l  Conceati 


The  final  type  of  maintenance  hangar  structure  to  be  discussed  ia  a 
chemically  rig  dlaad  expandable  a  true  tor*.  A  chemically  rigidlzed  structure 
may  bo  a  foaoed-ln-place,  rigidlzed  membrane,  or  an  expandable  self  rlgldlzing 
honeycomb*  In  the  technical  paper*  “Expandable  Structures  for  Aerospace 
Applications*,  it  was  concluded  that  tha  optimum  rigid  structure  on  a  atrength- 
to-weight  ratio  would  be  an  expandable  honeycomb.  Therefore,  In  the  category 
of  chemically  rigidlzed  hangars,  this  paper  will  consider  only  an  expandable 
honeycomb  structure.  Thia  concept  utilizes  a  vo<ren  fiberglass  core  pre- 
impregaated  with  a  urethane  resin  or  epoxy  resin,  semi  cured  to  a  flexible 
state.  This  woven  impregnated  core  can  be  folded  and  packaged  into  e  com¬ 
pact  volume  for  launching  into  space.  After  arrival  at  the  final  destination, 
the  structure  is  deploysd  and  the  honeycomb  cell  spaced  Inflated  with  a  vaporized 
catalysis  after  which  oamplate  rlgldizatlon  occurs.  This  type  of  hangar  ia 
shown  in  figure  10. 

I'iaterlals  t 

Tha  optimum  core  cu  figuration  is  probably  a  corrugated  type  of  core 
where  the  corrugations  run  circumferentially  around  tha  hangar.  It  la 
realized  that  this  type  of  core  la  not  a  true  honeycomb;  however,  tha  cir¬ 
cumferential.  stress  is  approximately  twioe  the  longitudinal  stress  in  a 
cylindrical  body.  Thia  unequal  stress  relationship  can  utilize  tha  anisotropic 
properties  of  a  corrugated  core.  An  added  benefit  of  a  sandwich  construction 
is  the  doubled  wall  effect  which  la  considered  desirable  for  micro-meteoroid 
protection.  Currently,  the  optimum  reain  system  for  preimpragnetiag  the 
core  would  be  a  urethane  resin,  cured  to  a  B  stags.  Tha  cctalyst  which  would 
be  utilized  to  Inflate  the  core  flutes  and  rlgldize  the  structure  would 
be  water  vapor  with  a  small  amount  of  an  amine  dispersed  in  it. 


Proposed  Operation! 


This  type  of  hangar,  as  shown  in  figure  D,  would  be  boosted  into 
orbit  in  a  small  launch  package  .om pared  to  the  final  expanded  volume*  A 
recant  honeycomb  7  ft.  die.  by  7  ft.  high  shelter  was  packaged  into  a  two 
cubic  foot  package.  After  arrival  in  apeoa,  tha  structure  could  be  ex- 
^onuod  'Ipddizod  ■  ctanaticelly  or  oami -automatically  utilizlrg  tha  main¬ 
tenance  worker  for  pex'/o.ri’'g  some  tasks.  A  large  atructuie  would  be  fully 
cured  In  about  one  hour;  however,  the  .ua.nie  nance  worker  could  utilize  tbs 
structure  as  soon  n?  it  was  fully  deployed.  An  inflatable  torur  and  tapered 
plug  could  be  utilized  for  an  airlock,  similarly  to  the  inflatable  hargar. 

Advantages  i 


diameter 


^pe  of  structure  has  the  following  advantages i  ^kege 

puncture  of  structure  without  loss  of  structural  integrity. 


'  *—  drentajcm 

The  primary  disadvantage  of  thl*  concept  la  Its  Inability  to 
repackaged  after  rigldizat  ion. 
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SP„CE  SUIT  KKFECTS  ON  MAlOTKN.'lNCK 


Gjaogral  Concept 1 

After  the  previous  dlacuaslon  on  apace  maintenance  and  atructural  hangar 
concepts,  the  reader  may  wonder  why  would  a  apace  maintenance  hangar  be 
required,  especially  when  space  aulta  are  being  developed  to  provide  the 
sane  protection.  Space  suits,  although  they  will  afford  man  the  necessary 
protection  frcxn  the  hostile  environaent  of  space.-  causes  a  severe  degra¬ 
dation  of  man's  ability  to  effectively  perform  maintenance  tasks.  Space 
suits  also  would  never  In  themselves  provide  long  repair/time  capability 
nor  provide  adequate  protection  In  other  problem  areas  which  will  be  dis¬ 
cussed  later. 

Results  of  Maintenance  Degradation  Study i 

The  investigations  conducted  to  date  on  the  ability  of  man  to  perform 
maintenance  in  a  full  pressure  suit  hsvs  been  rather  limited  In  scope, 
however,  enough  data  has  been  obtalnnd  to  draw  definite  conclusions  or 
trends  on  the  negative  aspects  of  a  space  ault  relative  to  men's  ability  to 
perform  space  maintenance.  One  such  Investigation  conducted  by  Iockheed 
Aircraft  Corp.  (Table  1)  will  be  discussed  in  this  paper. 

Table  1  is  a  summary  of  the  results  of  this  particular  Investigation. 

It  should  be  noted,  for  example  that  average  time  degradation  obtained  in  this 
study  was  236 X,  while  the  actual  degradation  times  ranged  from  a  minimum  of 
28 1  so  a  maximum  of  450*.  These  tests  were  conducted  by  a  subject  performing 
certain  specified  tasks  under  the  following  conditional  In  a  shirt  sleeve 
environaent,  in  an  unpressurlzed  Mark  IV  suit,  and  finally  In  a  fully  pres¬ 
surized  Mark  IV  suit  with  the  times  being  recorded  per  task.  It  is  realized 
that  current  and  future  research  being  conducted  In  the  space  suit  area  should 
significantly  •educe  these  degradation  peroentages.  In  addition,  the  research 
being  conducted  by  the  Aero  Propulsion  laboratory  In  the  area  of  space  tool 
design  should  also  reduce  these  repair  timea.  Ifewever,  the  maintenance  tasks 
sa  lac  tea  for  this  study  wore  of  a  very  simple  and  elementary  type. 

A  pressurized  maintenance  hanger  would  virtually  provide  a  maintenance 
worker  In  a  pressurized  suit  the  capability  of  performing  maintenance  tasks 
essentially  In  an  unpressurized  environment.  Therefore,  utilizing  the  results 
In  Table  1,  it  is  easily  seen  that  a  significant  reduction  to  maintenance 
time  can  be  achieved  through  the  utilization  of  e  fully  pressurized  hangar 
in  comparison  to  a  pressurized  space  suit  vs.  a  non-pressurlzed  spec#  suit. 
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HarjoTtug  and  raplaoing  3.20  3.23  11.00  2 UOX  on  Hardest  task  of  all.  Miltiple  anall 
eubpanal  -  4  «*»  iO-32  completed  objects  to  manipulate,  IO-32  screws, 
acrewai  nuts,  washers,  portion  nuts,  weshers,  panel,  frame,  ecrew- 

driver,  and  wrench  (open  end).  Could 
not  hold  nute  to  reinstall  lower  screws 


OBSION  CRITeBIA  FOh  A  MAINTENANCE  HANGAR 


{nvironmental  ft-otoctloni 

An  Important  advantage  of  a  apace  hangar  would  ho  its  potontial  capa¬ 
bility  of  protecting  the  maintenanco  worker  from  the  hoatilo  enviroansnt. 

Thare  are  several  significant  conditions  which  exist  in  a  spaca  environment 
frcm  which  man  rmst  bo  protected  or  mist  avoid,  these  are  aa  follows: 
hi  vacuum,  micrometeoroida,  extreme  temperatures,  extreme  lighting  conditions, 
ultraviolet  radiation.  Van  Allen  type  radiation.  To  authors  believe  that 
a  maintenance  hangar  could  provide  protection  for  all  of  thesa  except  the 
Van  Allen  type  radiat'oa.  A  pressurized  hangar  would  certainly  add  protection 
from  the  hi  -vacuum  of  space.  In  fact,  a  man  could  remove  hi  a  space  suit 
work  in  a  shirt  sleeve  environment.  Although  a  further  reduction  in  repair 
time  could  be  made  by  this  technique,  it  is  not  reccmnended  because  of  the 
possibility  of  the  hangar  being  rapidly  de can  pressed  by  puncture.  The  pres¬ 
surized  hangar  would  also  provide  protection  to  the  worker  in  the  event  of 
a  apace  suit  failure  durii^  a  maintenance  task,  for  example,  a  tear.  Therefore, 
It  is  concluded  th-.t  a  hangar  should  have  the  capability  of  being  pressurized 
to  3-3  pels,  which  is  the  normal  pressure  utilized  in  current  space  suits. 

As  the  pressurization  of  the  hangar  is  required  for  protection  from  the 
hi-vacuum,  it  Is  apparent  that  the  structural  designer  must  utilize  materials 
of  adequate  strength  to  sustain  the  Inflation  stress.  Tiie  hangar  will  provide 
additional  protection  from  micro-meteoroldo,  simply  because  of  t.ue  increased 
mass  of  material  it  will  decrease  particle  penetration.  These  particles 
dissipate  moat  of  their  energy  in  a  relatively  short  distance.  The  deptn 
of  penetration  of  a  particle  is  determined  by  the  following  mathematical 
relation! 

h  =  rd(^)  (I) 

where  h  -  depth  of  penetration,  d  -  diameter  of  the  impacting 
particle.  Pp  *  =  density  of  particle  und  targer  material  rsspoctS :»ly. 

v  =  velocity  of  particle,  c  -  the  velocity  of  sound  In  the  target  materiel, 
r,  ,  =  empirical  constants. 

It  is  well  known  that  man  will  encounter  extreme  ranges  of  temperatures 
in  space;  however,  it  is  also  known  that  a  very  effective  technique  for 
controlling  temperature  in  space  Is  by  using  ratios.  In  other  wards, 
a  temperature  control  coating  system  would  affectively  solve  this  problem. 

Such  a  system  could  be  easily  applied  to  a  maintenance  hangar.  Coatings 
for  temperature  control  are  already  In  operation  on  several  satellite  systems. 
Therefore,  a  definite  requirement  for  a  temperature  control  coating  should 
be  Included  in  the  criteria  for  a  space  maintenance  hangar. 
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The  American  JLighting  Society  recommends  that  a  minimum  lighting  of 
20  foot  caiidlos  be  provided  for  most  earth  tasks.  On  earth  this  is  easily 
accomplished  s>  direct  or  indirect  lighting;  however  in.  space  mac  con  be 
ox^jaea  to  total  daikness  or  t.,  ‘'Hading  sunlight.  Therefore,  the  mainten¬ 
ance  hangar  could  provilo  a  shield  from  these  various  extremes  and  could 
also  provide  controlled  urtificiul  lighting.  Some  authorities  recommend 
sl,^. U'i  cantly  higher  levels  of  11  hting.  Therefore,  any  maintenance  hangar 
must  provide  the  capability  of  artificial  lighting. 

One  of  the  more  perplexing  probless  in  space  is  the  protection  from 
ultraviolet  radiation.  A  hangar  if  aluminized  could  stop  the  majority  of 
all  dangerous  U.V.  radiations.  Therefore,  the  hangar  must  provide  protection 
from  ultraviolet  radiation  which  can  seriously  damage  man's  eyesight. 

The  n«xt  problem  La  Van  -alien  type  radiation,  uitnough  trie  hangar 
would  provide  sou*  protection,  it  would  oe  insignificant.  Therefore,  It 
Is  not  reran. endec  that  s  space  maintenance  hangar  be  considered  for  use 
in  the  Van  Allen  rudietxou  belt, 

A  space  maintenance  hangar  must  be  structurally  sound  and  if  punctured 
by  a  small  parti -ie  should  r.ot  fail  catastropi cully.  Such  a  hangar  should 
have  a  hi.;h  strengtn  to  wei,.  ht  ratio,  have  e  mail  launch  package  volume, 
be  reliable  and  easily  deployed. 


CCWCLt'SlGN 


The  authors  have  concluded! 

X.  A  significant  reduction  in  time  to  perform  a  maintenance  task  can  be 
achieved  through  ths  utilization  of  a  specs  maintenance  hangar. 

2.  A  maintenance  hangar  can  offer  protection  frcm  ths  hi -vacuum,  micro- 
meterold,  temperature  extremes,  lighting  extremes  and  ultra- violet  radi¬ 
ation  existing  in  space. 

3.  The  most  logical  solution  towards  launching  a  maintenance  hangar  Into 
orbit  would  be  an  expandable  hanger  either  of  the  inflatable  structure  or 
expandable  honeycomb  type. 

4.  Space  maintenance  is  a  necessary  requirement  in  the  development  of  e 
successful  operational  space  system. 

3.  Space  maintenance  should  not  be  conducted  while  In  the  Van  Allen  Belt 
or  during  high  radiation  solar  storms. 

(■ > .  Research  in  this  arse  should  be  continued. 
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EXPANDABLE  SELF- RIG  EDIZING 


HONEYCOMB  STRDCTDRES 


I.  Russell,  N.  Hanssetl 
Viron  Division 

Geophysics  Corporation  of  America 

W.  McKlllip,  B,  Culbertson 
R.  Slagel 

Archer- Deniels-Midland  Corporation 


I.  INTRODUCTION 

The  advent  of  manned  space  exploration  has  brought  about  an  increased 
emphasis  on  strengtb-to-weight  ratios  and  launch  package  volume.  The  time 
table  of  exploration  calls  for  very  large  diameter  solar  collectors,  space 
stations,  and  shelters  to  be  transported  into  space.  The  transportation  of 
these  large  size  structures  requires  a  technique  of  either  assembling  small 
modular  components  in  space  or  the  development  of  an  expandable  structure. 

Zt  should  be  pointed  out  that  the  above  discussion  also  applies  to  limited 
war  shelters  and  structures.  Viron  Division  of  Geophysics  Corporation  of 
America  and  Archer- Daniels-Midland  Corporation  under  Contract  AF  33(657)-10409 
are  developing  a  technique  which  will  not  only  satisfy  the  requiremer  t  of 
small  package  volume,  but  will  also  provide  structures  of  very  high  streogth- 
to- weight  ratios.  This  paper  will  discuss  the  structure}  concept,  materials 
investigations,  fabrication  techniques,  and  finally,  actual  structural 
rigidization  results.  This  initial  effort  has  been  directed  towards  producing 
terrestrial  and  aerospace  shelters  and  space  solar  collectors. 

ZI.  STRUCTURAL  CONCEIT 

This  concept  utilizes  a  woven  fiberglass  corrugated  or  honeycomb  type 
core  which  is  impregnated  with  a  plastic  resin  system.  This  resin  system  la 
initially  flexible,  but  on  cooaand  will  rigidize  Into  a  rigid  fibetvplastic 
composite.  The  exterior  surface  skins  and  interior  cell  walls  or  corrugation 
webs  are  impregnated  with  the  subject  resin  system.  Rigidization  of  the  resin 
system  can  occur  from  radiation  cross  linking,  plasticizer  boil  off,  or  vapor 
phase  catalysis.  The  latter  two  have  been  found  to  be  the  most  suitable  under 
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this  research  effort.  This  structure  when  rigidized  will  produce  resulte 
comparable  to  the  well  known  excellent  rigid  conventional  honeycomb  properties. 
This  concept  was  originally  conceived  by  S.  Allinikov  and  F.  Forbes  of  the 
Research  and  Technology  Division. 

Ill,  DESIGN  GOALS 

'.'his  feasibility  study  was  undertaken  to  design,  fabricate,  and  rigidize 
a  5  ft.  diameter  solar  energy  concentrator  and  a  7  ft,  diameter  cylindrical 
space  shelter  using  expandable  honeycomb  type  structural  material.  The  solar 
collector  was  to  weigh  about  0.2  lb, /ft,  of  reflective  area  and  have  a 
reflectivity  of  0.86  to  the  solar  spectrum.  The  reflective  surface  was  to  be 
within  +  1/4°  of  u  paraboloid  over  997,  of  the  surface. 

The  space  shelter  was  to  be  designed  to  withstand  a  roof  loading  of 
100  fb./ft^  and  be  capable  of  withstanding  in  internal  pressure  of  14  psi. 

The  cylindrical  portion  was  to  he  5  ft.  high  with  a  flat  hottom  and  a 
hemispherical  dome. 


IV.  materials  investigation 


A.  Resins 

There  are  several  techniques  for  the  chemical  rigidization  of  a 
honeycomb  structure.  Some  of  these  under  evaluation  are  as  follows:  A 
resin  system  which  cross-links  under  the  influence  of  a  vaporized  catalyst 
which  can  also  be  used  as  part  of  the  inflation  media,  plasticizer  boil 
off  from  a  solvated  polymer  system,  and  polymer  cross-linking  through 
ultraviolet,  ionizing,  or  thermal  energy.  The  first  two  approaches  have 
been  under  evaluation  in  this  investigation. 

The  results  obtained  during  the  course  of  this  investigation  includes 
Operable  resin  systems  producing  rigid  expandable  structures  under  vacuum 
conditions  employing  vapor  phase  catalysis  which  have  been  demonstrated, 

Ot  the  several  thermoset  resin  systems  investigated  for  vapor  phase 
catalysis  cure,  urethane  and  epoxy  resins  show  most  success. 

A  one-component  system  containing  an  isocyanate  terminated  urethane 
prepolymer  which  is  cured  by  moisture  (water  vapor)  has  been  developed 
which  shows  the  following  results: 

1.  Cure  times  of  approximately  1-2  hours.  Tilts  was  accomplished  on 
small  scale  models  in  a  laboratory  vacuum  environment  using  water/ 
triethyl  Amine  as  caring  agent. 

2.  Minimum  resin  saturation  of  approximately  207.  by  weight  has  been 
shown  to  be  feasible. 

3.  Tensile  strengths  of  one  ply  laminates  prepared  from  181  fiber-glass 
cloth  of  approximately  25,000  psi  cured  by  moisture  in  502  humidity 
for  3  days  at  75°F. 

4.  Flexural  strengths  of  3  ply  laminates  pit. pared  from  181  fiber  glass 
cloth  of  approximately  12,000  psi  cured  in  502  humidity  for  3  days 
at  75°F. 

5.  A  low  degree  of  tackiness  after  solvent  loss  from  an  impregnated 
structure.  This  factor  eliminates  the  need  of  outer  barrier  film. 
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The  coufiercial  epoxy  resins  were  rapidly  screened  and  upon  evaluation 
the  how  DEN  41S  exhibited  most  desired  properties  (cure  tine,  hardness, 
thermal  stability).  Optimum  cure  times  recorded  in  the  program  under  vapor 
catslyst  (propylene  diamine)  conditions  were  6-7  hours.  This  was  only 
accomp' ishea  by  employing  an  experimental  accelerator  which  was  pre¬ 
mixed  directly  with  the  resin  before  application.  Without  the  accelerator 
at  I’itive,  vapor  cure  times  were  in  the  14-16  hour  range.  Data  of 
Interest  on  the  DEN  438  impregnated  fiber  glass  181  includes  the 
following; 

1.  Resin  saturation  of  40%  by  weight. 

2.  Tensile  strengths  of  17,000  psl  on  three  ply  laminates  cured  by 
20%  propylene  diamine  vapor  in  a  time  period  of  16  hours  in  a 
hard  vacuum. 

3.  Flexural  strengths  of  23,000  psl  on  three  ply  laminates  cured  in 
a  similar  manner  as  outlined  above. 

An  operable  resin  system  producing  a  rigid  expandable  space  vehicle 
employing  the  plasticiser  boil  off  technique  in  a  space  environment  has  been 
demonstrated.  This  resin  consisted  of  a  multiple  component  system 
including  polyacrylic  resin,  a  styrenemaleic  anhydride  copolymer  and  a 
melamine  resin.  Time  for  complete  rlgidlzation  depends  on  the  vacuum 
produced;  however  rlgidlzation  can  be  achieved  under  two  hours.  Tensile 
strengths  of  approximately  20,000  psl  have  been  recorded  on  single  ply 
laminates  prepared  from  glass  fabric  style  181. 

The  major  emphasis  of  this  Investigation  was  conducted  on  vapor  phase 
curing  systems.  A  rapid  screening  of  the  physical  properties  observed  from 
conmercially  available  resin  systems  and  convenient  catalyst  systems  was 
undertaken.  These  included  the  following: 

Resin  System 

a.  Urethanes 

b .  Epoxy 

c.  Furfural  resins 

d.  Phenyl  silanes 

1.  Urethane 

The  research  effort  was  devoted  to  (a)  characterization  of  urethane 
prepolymers  including  composition,  cure  time  under  vacuum  conditions 
with  catalyst,  results  of  filler  addition  to  resin,  and  .sual 
properties  of  moisture  cured  laminates,  (b)  Physical  data  compilation 
of  urethane  free  films  and  urethane  impregnated  laminates  and  (c) 
catalyst  study  involving  resin  impregnated  structures  under  space 
and  terrestrial  environment . 
a.  Characterization  of  Urethane  Prepolymers 

The  basic  compositions  of  the  polymers  evaluated  consisted 
of  a  short  dlol,  trlol  and  a  polypropylene  glycol  of  medium 
molecular  weight  and  a  diisocyanate.  The  prepolymera  were 
formulated  at  50%  non-volatile  content  to  enable  convenient 
methods  of  application.  In  the  absence  of  moisture  shelf  lifes 
of  18  months  have  been  observed.  The  free  isocyanate  content  of 
these  prepolymers  range  from  4  to  6%  based  on  50%  solids.  By 
varying  the  relative  amounts  of  short  chain  and  long-chain  diols 
in  the  formulation,  or  by  modifying  the  molecular  weights  of  either 
the  short-chain  or  long-chain  dlol, virtually  any  degree  of  hard¬ 
ness  can  be  achieved. 


Catalyst 
Water,  Amine 
Amines,  Lewis  Acids 
Acidic  catalyst 
Water,  Amines 
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Experimental  data  indicates  that  best  results  are 
obtained  through  using  prepolymers  with  low  %  of  reactive 
Isocyanate  groups.  The  addition  of  polymeric  fillers  enhances 
the  strength  and  rigidity,  however,  the  shelf  stability  of  the 
system  generally  decreases. 

Catalyst-Resin  System  Relationship 

The  following  parameters  effect  the  overall  performance 
of  the  urethane: 

1.  Solvation  of  the  urethane  prepolymer 

2.  Resin-glass  weight  ratio 

3.  Cure  rate  variations 

4.  Methods  of  catalyst  deployment 

Solvation  of  the  Urethane  Prepolymer 

The  urethane  prepolymers  described  in  this  report 
are  isocyanate  terminated  polymers  prepared  by  the 
reaction  of  dll  socyanates  with  polyols.  The  ratio  of 
diisocyanate  to  polyol  is  selected  so  that  a  soluble 
urethane  polymer  of  molecular  weight  between  1500  and  3000 
is  formed  which  possesses  terminal  isocyanate  groups.  Upon 
application,  such  a  polymer  may  then  react  with  moisture  to 
form  a  high  molecular  weight  polymer  coating.  The  vehicle 
described  is  most  conveniently  made  at  50%  non-volatile 
material  content.  The  viscosity  of  this  vehicle  at  room 
temperature  (700  +  75  Brookfield,  cps)  is  suitable  for 
conventional  methods  of  application.  Saturation  of  glass 
weave  fabrics  (Raypan  or  Wimpfheimer  aerospace  structures) 
is  easily  accomplished  through  hand  lay-up,  spray  gun 
technique  or  vacuum  impregnation.  The  volatile  component 
of  these  vehicles  is  a  solvent  system  mixture  of  xylene/ 
cellulose  acetate  or  toluene/butyl  acetate. 

Resin-Class  Weight  ratio 

The  weight  ratio  of  resin  to  glass  has  a  direct 
relationship  to  the  ultimate  strength  to  weight  performance 
of  the  rigidtzed  structure.  In  order  to  determine  the 
minimum  resin  concentration  required  a  series  of  experi¬ 
ments  was  conducted  with  varying  weight  ratio  of  resin  to 
glass.  Results  indicated  that  20%  resin  solids  is  sufficient 
to  achieve  sample  rigidization.  This  is  accomplished  by 
diluting  the  solids  content  of  the  urethane  to  40%  MV  by 
the  addition  of  ethyl  acetate  before  application  to  the  glass. 
Hand  lay  up  by  applying  the  resin  with  a  paint  brush 
allowed  a  thin  film  of  resin  to  be  applied.  This  thin  resin 
film  formation  enhances  rate  of  cure  as  the  depth  the 
catalyst  has  to  penetrate  is  reduced.  This  also  allows  for 
a  more  completely  cured  system.  The  most  desirable  resin 
to  glass  ratio  found  experimentally  for  large  honeycomb 
glass  fabric  structures  featured  a  resin  content  of  between 
30-40%  solids.  In  this  resin  content  range  the  strength 
to  weight  ratios  were  Che  highest. 


Cure  Bate  Variation a 

Time  variations  in  the  cure  rate  were  observed 
as  a  consequence  of  the  volatile  contents  of  the  urethane 
prepolyaers.  A  series  of  experiments  were  conducted  of 
resin  impregnated  structures  with  and  without  prior  removal 
of  the  volatile  contents  of  the  prepolymer.  In  both 
instances  the  structures  were  subsequently  cured  with 
water  vapor  at  reduced  pressures  (.1  an/Hg.)  Removal  of 
solvent  before  water  vapor  contact  did  enhance  the  rate 
of  cure  by  a  factor  of  two.  Cure  times  of  4  hours  were 
recorded.  Complete  solvent  removal  from  the  impregnated 
structures  was  accomplished  by  placing  them  in  a  12" 
desiccator  and  evacuating  (.1  ram/Hg)  for  18  hours.  Before 
opening  the  desiccator  to  the  atmosphere  nitrogen  was  bed 
in  to  provide  an  inert  blanket  In  order  to  exclude 
atmospheric  moisture  as  much  as  possible.  Upon  examination 
the  structure  was  completely  flexible  and  essentially  tack 
free  due  to  the  formation  of  a  surface  coating.  After 
compression  of  the  structure  it  was  placed  in  a  space 
chamber  and  connected  by  means  of  tubing  to  a  water  supply. 
Evacuation  of  the  system  (at  .1  mm/Hg)  caused  volatlzation 
of  the  water  with  the  result  that  the  structure  fully  ex¬ 
panded  and  rigidified  in  the  4  hour  time  period.  A  most 
noteworthy  improvement  in  cure  time  was  observed  when  a 
90-10%  weight  ratio  of  water  to  rrtethyl  amine  curing 
system  was  employed.  This  curing  system  produced  approxi¬ 
mately  one  hour  cure  times  for  resin  impregnated  glass 
structures  at  roam  temperature  conditions.  Further  investi¬ 
gation  of  this  system  with  and  without  prior  removal  of  sol¬ 
vent  from  resin  impregnated  structures  indicated  solvent 
removal  is  not  a  critical  parameter.  The  triethylamine 
greatly  activates  the  isocyanate  functional  group  by  complex 
formation  and  renders  the  isocyanate  more  susceptible  to 
attack  by  the  water  molecule.  In  essence,  what  the 
addition  of  trie thy loaine  accomplishes  is  to  speed  up  the 
reaction  of  the  isocyanate  with  water.  The  unstable 
carbamic  acid  loses  carbon  diewide  and  forms  t>.e  primary 
amine  group  which  reacts  rapidly  with  another  isocyanate  to 
form  the  crossliaked  dlsubstituted  uiea. 

Methods  of  Catalyst  Deployment 

Several  mechanical  devices  employed  to  selfcontain 
catalyst  within  the  resin  system  and  to  release  it  upon 
demand  in  the  environment  desired  have  been  explored. 

One  of  these  Involves  the  use  of  polyethylene  tubules  which 
can  be  inserted  between  the  flutes  of  three-dimensional 
Integrally  woven  fluted  panel  core  material  (Raypan)  and 
subsequently  filled  with  catalyst.  The  ends,  when  scaled, 
give  a  catalyst  container  within  the  system.  Such  a  system 
has  shown  limited  operational  success. 
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A  second  method  that  shows  Initial  feasibility 
involves  coating  solid  hydrates  with  a  thin  resin  layer. 
Upon  desiccation  these  materials  give  up  to  33%  of  their 
chemically  held  water  after  three  hours  at  .1  mm/Hg  of 
pressure. 

A  third  method  involves  coating  a  solid  light  weight 
absorbing  material,  such  as  vermiculite  with  a  thin  resin 
coating.  This  substance  is  capable  of  absorbing  up  to  80% 
of  its  weight  with  water.  Under  vacuum  environment  as  much 
as  50%  of  the  retained  water  can  he  extracted.  These 
systems  of  water  containment  are  highly  efficient  and  add 
little  weight  to  the  system.  The  materials  are  r.oated  with 
a  thin  coating  of  Admiral  351  which  is  a  cyclopentadiene 
copolymer  resin. 


2.  Epoxy 

The  vapor  catalyzed  curing  of  an  epoxy  system  was  found  to  be 
operationally  feasible.  Our  initial  effort  was  to  screen  the 
commercially  available  resins  and  from  this  oata  choose  the  most 
likely  systems  to  further  evaluate.  This  data  was  collected  on 
samples  cured  at  room  temperature  by  direct  mixing  of  catalyst  and 
resin.  It  was  felt  that  the  most  operable  system  under  these  cir- 
cumstances  would  be  most  operable  under  conditions  employing  vapor 
catalysis.  In  this  manner  we  were  able  to  accomplish  an  evaluation 
of  numerous  resin-catalyst-accelerator  combinations  and  to  record 
opt.!  .  m  concentrations  of  each  component.  The  system  showing  the  most 
promise  was  the  Dow  DEN  418  diluted  with  xylene.  The  viscosity  of 
DEN  438  prohibits  working  with  it  as  it  is  commercially  available. 
Xylene  was  chosen  as  the  diluent  for  the  following  reasons:  (a) 

Its  vapor  pressure  (760  dm  at  13S-i44°C)  is  close  to  that  of 
propylene  diamine  (760  ram  at  135. 5°C);  (b)  xylene  being  a  non¬ 
reactive  diluent  should  not  appreciably  lower  the  crosslinking 
potential  of  the  system  as  do  reactive  diluents;  (c)  the  cure  seems 
to  be  greater  with  xylene  than  when  a  resin  of  low  viscosity  (Epon 
812  or  DER-332)  is  used  as  diluent  possibly  because  the  curing  agent 
is  not  able  to  penetrate  before  a  surface  cure  is  obtained. 

DEN  438  (80  parts  by  velght)-xylene  (20  parts  by  weight),  the 
most  operable  system  was  applied  to  small  prototypes  of  a  space 
shelter.  These  shelters  were  fabricated  from  Raypan  fluted  panel  core 
No.  403.  All  seams  were  sewn,  the  structure  was  impregnated  with 
an  equal  weight  of  resin  and  propylene  diamine  was  allowed  to  pass 
through  at  a  pressure  of  20  +  10  microns  at  room  temperature.  After 
24  hours  at  this  pressure  the  shelter  was  removed  and  found  to  be  rigid 
enough  to  stand  on  (a  similar  treatment  using  DEN  438  (80  parts)  - 
Acetone  (20  parts)  gave  only  a  surface  cure).  An  Incomplete  cure 
was  obtained  after  only  15  hours, 

3.  Polyacrylic 

Initial  investigation  was  conducted  on  an  experimental  ADM 
po  /acrylic  resin  5803-20-6,  containing  60.3%  solids  by  weight 
diluted  in  «  75/25  xylene-butanol  solution.  This  product  impregnated 
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than  10  oz./yd  resulted.  A  quasi-honeycomb  can  be  woven  In  this  wanner 
by  placing  the  rows  of  pile  pi.  rpendtcular  to  each  other,  A  such  heavier 
material  can  be  obtained  by  using,  for  example,  fiberglass  yarn  and 
placing  the  Interwoven  drop  threads  at  nearly  any  given  density. 

V.  EXPERIMENTAL  WORK 


A.  Six  Inch  Cubes 

In  the  early  stages  of  the  program  a  series  of  6  inch  cubes  were 
vacuum  cured  by  vapor  catalysis.  The  structural  material  was  fiberglass 
woven  into  a  three  dimensional  fabric  with  a  fluted  core.  The  cubes 
were  Impregnated  with  an  epory  and  a  beaker  containing  ac  aliphatic  amine 
was  plact-d  inside  the  structure.  Cure  times  of  16  hours  were  obtained 
with  a  relatively  low  molecular  weight  epoxy  and  a  large  excess  of  amine. 

Higher  molecular  weight  epoxies  gave  longer  cure  times  but  it  was 
found  that  large  excesses  of  amine  could  be  used  to  speed  up  the  rate 
of  cure.  Polyethylene  liners  were  used  in  come  of  the  experiments  to 
slow  down  the  escape  of  amine  vapor  and  it  was  noted  that  the  rate  of  cure 
was  not  appreciably  affected. 

A  three  dimensional  Nylon  material  with  drop  threads  between  2  skins 
was  also  used  to  fabricate  cubes.  Very  good  ir.fation  was  achieved  but 
strengths  of  the  cured  structures  were  low  compared  to  the  fiberglass 
cubes. 

B.  Model  Shelters 

Numerous  8.4  inch  diameter  model  shelters  were  vacuum  cured  at 
0.1  mm  Hg  with  epoxies  and  urethane  resins  Isipregnated  onto  both  the 
nylon  and  fiberglass  structural  material.  Figure  1.  Cure  times  as  low 
as  7 2  hours  were  obtained  with  the  use  of  a  special  accelerator  developed 
by  ADM  and  a  low  molecular  weight  epoxy  with  a  viscosity  of  50-90 
centipoises. 

After  the  development  of  a  fast  curing  urethane  resin  by  ADM,  it  was 
decided  to  devote  all  further  work  during  this  feasibility  study  to  optimize 
its  use.  A  combination  of  the  urethane  and  three  dimensional  fiberglass 
fabricated  into  6  inch  cubes  resulted  in  2  hour  cures.  Water  and  an 
amine  placed  in  a  beaker  inside  the  cube  served  as  both  Inflation  and 
curing  agents. 

C.  3^  Foot  Shelters 

Several  3?  fcot  shelters  were  expanded  and  rigidized  in  a  5  foot 
diameter  vacuum  chamber.  Figure  3.  The  structural  material  was  the  fluted 
ruit  fiberglass  which  had  been  impregnate  '  with  the  urethane  resin.  It 
was  found  that  a  polyethylene  inner  liner  was  necessary  for  proper  infla¬ 
tion  because  of  the  porosity  of  the  structural  material.  The  water  and 
amine  were  piped  into  the  house  from  a  three  liter  flask.  Figure  2. 

Cure  times  ranged  from  4  to  6  hours.  A  3%  foot  shelter  was  inflated  and 
cured  In  the  atmosphere  by  Introducing  air  and  steam  to  the  interior. 

The  fabric  was  vacuum  impregnated  with  a  urethane  resin  and  placed  in  a 
special  vapor  barrier  container  and  bathed  in  an  inert  nitrogen  atmosphere 
to  extend  shelf  life.  Figure  4.  The  unit  vas  fabricated  with  an  eliptical 
door  which  had  been  previously  rlgldlzcu  luv.  a  2  Inch  section  around  the 
door  opening  to  serve  as  a  framework.  A  neoprene  gasket  served  as  a  seal. 
Cure  time  was  about  6  hours. 
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on  gliss  style  181  or  Fortla*n  NW  372  and  subsequently  desiccated 
to  10-3  jga  ug  rtgidlfied  rapidly  by  plasticizer  release.  The 
rtgldlfled  samples  vere  coated  with  an  extremely  brittle,  blistered 
film  which  offered  little  strength.  In  addition  the  adhesion  of  the 
polyizer  substance  to  both  substrates  was  poor.  The  prepared  samples 
were  inadequate  for  physical  testing. 

The  polyacrylic  resin  modified  by  the  addition  of  styrene-aialeic 
anhydride  copolymer  (3000  M-wt)  and  a  melamine  resin  gave  a 
plasticiser  release  system  which  exhibited  the  most  promising  per- 
f<rmance,'  The  advantages  of  this  system  include  (1)  relatively 
better  adhesion  to  glass  compared  to  the  polyacrylic  resin  unmodified. 
(2)  reduction  in  blistering  and  forthlug  and  (3)  a  more  rigid  surface. 
The  adhesion  of  resin  to  glass  was  Improved  by  synthesizing  an  acrylic 
resin  high  in  free  carboxyl.  The  increased  polarity  attributable  to 
the  carboxylic  acid  group  increases  surface  adhesion  of  the  resin  to 
a  substrate  such  as  glass.  The  rigidity  afforded  by  removal  of  the 
plasticizer  from  this  system  has  been  greatly  improved  by  the  addition 
of  20£  by  weight  of  styrene-maleic  anhydride  copolymer  and  5Z  by 
weight  melamine- formaldehyde  resin.  For  ease  of  impregnation  this 
mixture  was  solvallzed  with  acetone  and  applied  from  solution  to  give 
a  highly  uniform  deposit  of  resin  and  thus  a  thin  surface  film.  This 
had  the  overall  effect  of  decreasing  the  tendency  of  the  resin  to 
blister  during  desiccation.  Cure  times  employing  vacuum  conditions 
are  under  two  hours  for  maximum  rigidity. 

Structural  Material 

An  extensive  search  of  the  weaving  industry  revealed  some  unique  three 
dimensional  expandable  structural  material  for  aerospace  use.  It  also 
brought  out  the  fact  that  at  the  present  time  no  one  in  the  United  States 
manufactures  a  completely  flexible  true  honeycomb  core  fabric.  A  true 
honeycomb  sandwich  material  consists  of  an  orderly  array  of  cells  oriented 
perpendicular  to  the  skins  and  the  optimum  honeycomb  is  one  in  which  the 
cells  are  woven  integrally  with  the  same  threads  as  the  skins.  If  a 
fiber  or  yam  such  as  fiberglass  were  used  to  weave  this  fabric,  a  flexible 
material  would  result  which  could  then  be  impregnated  with  a  s  '“able 
resin,  folded  and  packaged,  and  at  a  later  time  inflated  and  rWdized. 
Although  we  have  found  the  capability  to  produce  such  a  material  the  machhe 
or  loom  will  not  be  in  production  for  about  24  months. 

Several  fabrics  which  closely  resemble  a  true  honeycomb  weave  were 
utilized  in  the  current  feasibility  study,  A  flexible  three  dimensional 
fiberglass  material  characterized  by  flutes  integrally  woven  between 
skins  was  used  with  a  resin  in  the  construction  of  space  shelters.  The 
flute  walls  ran  along  the  length  of  the  fabric  and  were  placed  parallel 
to  each  other  such  that  the  flute  cross-section  was  an  isoceles  triangle. 

A  member  of  the  velvet  industry  provided  certain  three  dimensional 
fabrics  well  suited  for  expandable  self  rigldizing  structures.  This 
material  had  two  skins  connected  by  drop  threads  or  pile.  The  pi'  -  could 
be  a  variety  of  patterns,  densities,  and  lengths.  For  example,  one  fab  'c 
used  to  construct  solar  concent t-tocs  was  woven  from  Nylon  with  two  skins 
separated  by  rows  of  drop  threads  1/2  inch  apart.  A  fabric  weighing  less 
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than  10  oz./yd  resulted.  A  quasi-honeycomb  can  be  woven  In  this  manner 
by  placing  the  rows  of  pile  perpendicular  to  each  other.  A  much  heavier 
material  can  be  obtained  by  using,  for  example,  fiberglass  yarn  and 
placing  the  Interwoven  drop  threads  at  nearly  any  given  density. 

V.  EXPERIMENTAL  WORK 


A.  Six  Inch  Cubes 

In  the  early  stages  of  the  program  a  series  of  6  inch  cubes  were 
vacuum  cured  by  vapor  catalysis.  The  structural  material  was  fiberglass 
woven  into  a  three  dimensional  fabric  with  a  fluted  core.  The  cubes 
were  Impregnated  with  an  epoxy  and  a  beaker  containing  an  aliphatic  amine 
was  placed  inside  the  structure.  Cure  times  of  16  hours  were  obtained 
with  a  relatively  low  molecular  weight  epoxy  and  a  large  excess  of  amine. 

Higher  molecular  weight  epoxies  gave  longer  cure  times  but  It  was 
found  that  large  excesses  o'Z  amine  could  be  used  to  speed  up  the  rate 
of  cure.  Polyethylene  liners  were  used  In  some  of  the  experiments  to 
sl<*<  down  the  escape  of  araine  vapor  and  It  was  noted  that  the  rate  of  cure 
was  not  appreciably  affected. 

A  three  dimensional  Nylon  material  with  drop  threads  between  2  skins 
was  also  used  to  fabricate  cubes.  Very  good  irf’ation  was  achieved  but 
strengths  of  the  cured  structures  were  low  compared  to  the  fiberglass 
cubes. 

B.  Model  Shelters 

Numerous  o Inch  diameter  model  shelters  were  vacuum  cured  at 
0.1  -an  Hg  with  epoxies  and  urethane  resins  impregnated  onto  both  the 
nylon  and  fiberglass  structural  material.  Figure  1.  Cure  times  as  low 
as  7k  hours  were  obtained  with  the  use  of  a  special  accelerator  developed 
by  ACM  and  a  ttrj  y  iclecular  weight  epoxy  with  a  viscosity  of  50-90 
ccntipoises. 

After  the  development  of  a  fast  curing  urethane  resin  by  ADM,  it  was 
decided  to  devote  all  further  work  during  this  feasibility  study  to  optimize 
its  use.  A  combination  of  the  urethane  and  three  dimensional  fiberglass 
fabricated  into  6  inch  cubes  resulted  in  2  hour  cures.  Water  and  an 
amine  placed  in  a  beaker  Inside  the  cube  served  as  both  Inflation  and 
curing  agents. 

C.  3V  Fooi  Shelters 

Several  3s.  foot  shelters  were  expanded  and  rigldlzed  in  a  5  foot 
diameter  vacuum  chamber.  Figure  3.  The  structural  material  was  the  fluted 
core  fiberglass  which  had  been  Impregnated  with  the  urethane  resin.  It 
was  found  that  a  polyethylene  inner  liner  was  necessary  for  proper  infla¬ 
tion  because  of  the  porosity  of  the  structural  material.  The  water  and 
amine  were  piped  into  the  house  from  a  three  liter  flask.  Figure  2. 

Cure  times  ranged  from  A  to  6  hours.  A  3^  foot  shelter  was  inflated  and 
cured  in  the  atmosphere  by  introducing  atr  and  steam  to  the  interior. 

The  fabric  was  vacuum  impregnated  with  a  urethane  resia  and  placed  in  a 
special  vapor  barrier  container  and  bathed  in  an  inert  nitrogen  atmosphere 
to  extend  shelf  life.  Figure  4.  The  unit  was  fabricated  with  an  eliptical 
door  which  had  been  previously  rigldlzed  as  had  a  2  inch  section  around  the 
door  opening  to  serve  as  a  framework.  A  neoprene  gasket  served  as  a  seal. 
Cure  time  was  about  6  hours. 
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FIGURE  2.  RESIN  IMPREGNATED  3h  FOOT  SHELTER  READY  FOR  INFLATION 
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FIGURE  A.  PACKAGED  3^  FOOT  SHELTER 
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D.  7  Foot  Shelters 

Seven  foot  space  shelters  were  fabricated  and  cured  in  a  Wright 
Field  vacuum  facility.  The  structural  material  was  the  same  as  that 
used  in  the  3V  foot  diameter  models.  The  shelter  was  made  from  fi 
shaped  gores  sewn  together  by  means  of  a  lap  and  double  strap  seam. 

Total  weight  of  the  impregnated  structure  was  about  100  lbs.  Packaged 
volume  was  2  ft.  ,  inflated  volume  250  ft.^.  Inflation  and  subsequent 
cure  with  water  vapor  in  fi  hours  yielded  a  rigid  structure.  Figures  5 
through  7  show  the  packaged,  impregnated,  and  cured  stages. 

E.  Solar  Collectors 

In  order  to  establish  a  procedure,  the  early  work  consisted  of 
bench  curing  8  inch  diameter  structures.  A  preformed  aluminized  Mylar 
tilm  was  first  coated  with  a  layer  of  rigid  resin  and  181  glass  cloth. 

The  rigidized  composite  had  severe  show-through  from  the  weave  pattern 
o'  the  cloth  and  also  had  warped.  A  three  dimensional  nylon  with 
dense  pile  eliminated  the  warp  and  a  thicker  aluminized  ftylar  film  eliminated 
much  of  the  shtsv  through.  Attempts  were  than  made  to  preform  the  nylon 
into  the  desired  shape  with  good  success.  Adhesion  of  rigid  resins  to  the 
Kylat  was  poor  but  this  was  overcome  by  applying  a  very  thin  coat  of  a 
polyvinyl  acetate  emulsion  to  the  film. 

Excellent  re  lective  surfaces  were  obtained  by  bench  curing  8" 
concentrators  with  rigid  resin  89  a  cushion  for  the  three  dimensional 
structural  material.  After  finding  a  method  of  preforming  the  aluminized 
Mylar  and  the  nylon  fabric,  the  rigid  resins  were  replaced  by  flexible 
resins  to  serve  as  a  cushion  and  also  as  a  bonding  medium. 

Vacuum  cures  were  then  attempted  by  impregnating  the  nylon  with  an 
ACM  polyacryllc  resin  and  removing  the  solvent  at  a  reduced  pressure. 

Good  cures  were  obtained  in  two  hours  and  the  resulting  structure  had 
sufficient  rigidity  to  hold  its  shape. 

Several  2b  inch  diameter  models  were  vacuum  cured  in  the  same 
manner.  Three  dimensional  nylon  with  a  dense  pile  between  skins  5/8" 
apart  was  used  in  this  series  of  tests. 

When  placed  In  direct  sunlight  the  reflective  surface  produced  an 
Image  ot  about  one  inch  diameter  which  would  Instantly  ignite  paper  or 
cloth.  Tills  type  of  structure  however,  had  the  drawback  of  too  much 
weight  due  to  the  nylon  fabric  as  well  as  the  wasted  solvent  system 
necessary  for  rlgtdi nation. 

Afcer  the  development  of  the  polyurethane  res1 n  system  together  with 
the  design  e'  a  new  expandable  honeycomb  type  material,  it  was  possible 
to  build  much  lightet  units.  The  structural  material  was  woven  from  nylon 
with  a  torn’  weight  of  about  10  oz/yd.*-  Parallel  rows  of  drop  threads 
were  placed  1/2  inch  apart  between  two  skins.  The  steps  involved  in 
rlgidizlng  these  concentrators  were  as  follcws: 

1.  An  aluminized  Mylar  film  was  preformed  to  the  desired  shape. 

2,  One  to  three  coats  of  a  flexible  or  semi-flexible  resin  was 
brushed  over  the  Mylar  surface  and  allowed  to  cure.  It  was  found 
that  a  completely  flexible  resin  had  good  adhesion  to  the  Mylar 
and  the  adhesion  was  still  satisfactory  when  the  flexible  resin 
was  blended  with  small  amounts  of  a  rigid  resin.  This  made  it 
possible  to  eliminate  the  thin  coat  of  polyvinyl  acetate. 
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FIGURE  6.  IMPREGNATED  7  FOOT  STRUCTURE 
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Another  coat  of  flexible  resin  was  applied  and  when  a  desired 
tackiness  was  achieved,  the  preformed  nylon  fabric  was  laid  over  It. 
This  coat  provided  a  Rood  bond  between  the  nylon  and  the  cushion 
layer. 

4.  The  nylon  structural  material  faces  had  been  sewn  together  near  the 
cuter  edpe  to  permit  Inflation  of  the  core.  Valves  were  attached  i-o 
the  outer  skin  for  entrance  of  the  Inflation  and  rigidilying  vapot  i. 

3.  The  nylon  structural  inaLerial  was  then  impregnated  with  the  urethane 
resin. 

6.  Water  and  an  amine  were  placed  in  flasks  which  were  connected  to 
the  valves  on  the  structural  backing  material . 

7.  The  Mylar  film  was  held  in  place  by  a  set  of  rings.  A  cover  film 
was  placed  under  the  reflective  surface  which  provided  a  means  of 
pressurizing  the  structure  to  the  desired  shape. 

8.  The  assembly  was  placed  in  a  vacuum  chamber  for  two  hours.  Figure  8. 
Pressure  Inside  the  cover  film  was  regulated  by  means  of  tubing 

from  outside  of  the  chamber.  Another  tube  led  from  inside  the  cover 
film  to  a  manometer  so  the  internal  pressure  could  be  monitored  and 
regulated.  Good  cures  were  obtained  in  the  2  hour  period.  Figures 
9  and  10.  The  greatest  problem  encountered  was  deformation  of  the 
reflective  surlace  due  to  wrinkling  of  the  structural  material  and 
show  through  of  the  core  walls. 

Two  five  foot  diameter  solar  energy  concentrators  were  similarly  cured  with 
a  urethane  resin  at  Wright  Field.  The  structures  were  sufficiently  flexible 
for  packaging,  cured  in  two  hours,  and  had  a  fair  reflective  surface. 

Figures  11  through  14  show  the  collector  in  the  packaged.  Impregnated,  and 
cured  stages. 


VI .  CONCLUSIONS 

A. -  The  feasibility  of  utilizing  expandable  self  rigidizing  honeycomb 

structures  for  both  space  and  terrestrial  application  has  been  successfully 
demonstrated. 

B.  In  addition  the  feasibility  of  using  this  same  technique  for  the  fabrica¬ 
tion  of  solar  energy  concentrators  with  their  extreme  requirement  for 
reflective  surface  regularity  has  also  been  desxmstrated. 

VII.  RECOMMENDATIONS 

Continued  effort  is  needed  toward  optimization  of  structural  design  and 
rigidization  techniques. 
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FIGURE  8.  24"  SOLAR  COLLECTOR  READY  FOR  VACUUM  CURE 
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FIGURE  12.  IMPREGNATED  5  FOOT  SOLAR  COLLECTOR 
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FIGURE  13.  CURED  5  FOOT  SOUR  COLLECTOR 
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G  .'LATIN,  A  RIGIELcING  MATERIAL  FOR  AEROSPACE  STRUCTURES 

by  F.  V.  Forbes,  Air  Force  Aero  Propulsion  Laboratory 
S.  Allinikov,  Air  Force  Materials  Laboratory 
C.  Koons,  Experimental  Fabrication  Division 


I.  I’T.-.CPUCTION 


General:  Hie  National  Aerospace  Frogram  uas  brought  about  the  require¬ 
ment  of  placing  large  size  structures  into  space,  such  as  passive  conmuni- 
cction  satellites,  solar  collectors,  space  stations,  ana  extraterrestrial 
shelters;  however,  this  requirement  poses  a  tremendous  problem  when  con¬ 
sidering  the  problems  of  boosting  into  apace  such  large  size  structures. 
Consequently,  materials  and  structural  reaearch  engineers  have  conducted 
research  in  expandable  structure  concepts,  such  as  foamed- in-place,  gee 
catalyzed  systems,  plasticizer  boil-off.  end  radiation  cross-linked  struc¬ 
tures.  The  authors  became  interested  in  gelatin  as  a  possible  rigidizing 
materiel  after  preliminary  in-house  investigations  showed  gelatin  to  exhibit 
potentially  hi$i  tensile  and  modulus  of  elasticity  values,  a3  well  as,  a  high 
resistance  to  ultra  violet  radiation.  Lmoediately  two  programs  were  Initiated. 
Materials  Laboratory  initiated  «  contractual  materials  property  investigation 
with  tonsar.to  Research  Corporation,  Dayton,  Ohio,  under  Contract  No.  AF  33(616)- 
2183,  ana  the  Aero  Propulsion  Laboratory  initiated  an  in-house  program  which 
has  demonstrated  the  feasibility  cf  rigidizing  space  structures  with  gelatin. 

furpose:  The  purpose  of  this  paper  la  to  disseminate  the  significant 
rest  area  of  both  Air  Force  Laboratories’  picgrams,  anc.  to  stimu..ete  other 
'-aterials  and  structural  investigators  to  consider  gelatin  for  either  future 
research  or  applications, 

TI.  MATERIALS  ILVESTIGAT LCN 


Selection  of  Gelatin  for  Research  Program:,  As  previously  discussed, 
many  difiercnt  types  of  materials  have  been  investigated  to  date;  however, 
vr  r y  little  research, if  any,  has  teen  conducted  on  water  soluble  natural 
plastic  re6in  systems.  There  are  o  number  cf  such  resin  systems,  for 
exam,  le,  the  proteins.  Gelatin,  a  protein,  was  selected  for  an  in-house 
materials  study  on  the  basis  of  its  commercial  availability,  and  hi$ily 
polar  nature.  Mr.  Allinikov  prepared  gelatin  films  and  exposed  these 
films  to  ultra  violet  radiation,  which  did  not  visibly  affect  them.  Mr. 
Allinikov  and  Mr.  Forbes,  then  both  of  Materials  Laboratory,  prepared 
several  films  ol  gelatin  and  conducteo  preliminary  tensile  tests  on  same. 
A  tensile  su'ength  of  13,R;'0  psi  was  obtained;  however,  later  reaearch 
has  proven  th's  figure  to  be  considerably  low.  Based  on  these  results 
it  wet  felt  that  a  research  program  on  gelatins  properties  should  be 
undertaken;  in  addition,  it  was  noticed  that  when  gelatin  was  plasticized 
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bv  water  or  other  plasticizers  it  was  foldable.  Thus ■  it  was  also  con¬ 
sidered  that  a  program  should  be  initiated  on  possible  expendable  structure 
applications  of  gelatin.  Research  was  initiated  to  determine,  tensile 
strengths,  modulus  of  elasticity,  ultra  violet  radiation  effects,  electron 
radiation  effects,  effects  of  plasticizer,  effects  of  cross-linking  on  water 
soluebility,  gelatin  fiberglass  laminate  characteristics,  fabrication  tech¬ 
niques  for  expandable  structures,  anu  finally  packablllty. 

Composition  of  Gelatin;  Most  likely  scientists  ate  ge.atin  long  before 
their  scientific  curiosity  prompted  research  lr.  this  ares.'  A  great  deal  of 
the  colloid  chemistry  concerning  gelatin  is  known.  Recently  developed 
analytical  techniques  have  even  expanded  this  information .  lie  amino  acid 
building  blocks  of  the  gelatin,  are  known,  Table  I  summarizes  these  amino 
acids. 


Table  I,  Stmmary  of  Amino  Acid  Building  Blocks 


(Residues 

of  amino  acids  per  1000  total  residues) 

Go  urce : 

Eastoe,  J.  E.,  Bicchem.  J.  61, 

589  (1955) 

Amino  Acid 

Type  of  Amino  Acid 

Residues 

Alanine 

NeutrelQf  emino  acids,  with 

110.8 

Glyc ine 

R  =  eliphati'' 

326 

Valine 

21.9 

Leuc ine 

23.7 

isc-Leucine 

9.6 

Phenylalanine 

Neutral  A  amino  acid  w/R  con- 

14.4 

tainlng  unsubstituted 

aromatic  systems 

Tyrosine 

:*eutral  CL  ammo  acids  with  R 

3.2 

Serine 

containing  hydroxyl  groups 

36.5 

Threonine 

17*1 

Methionine 

Neutral  A  amino  acid  with  H 

5-4 

containing  sulfur 

Frolinc 

Neutral  CL  amino  acid  with  R 

130.4 

eye li zed:  Imino  acida 

Arginine 

Basic  tig  amino  acids 

48.2 

Histidine 

6.0 

Lysine 

26.2 

Hydroxy. yn ine 

5.9* 

Aspartic  acid 

Acidic  A  amino  acids 

46.8 

Clutamlc  acid 

Amide  Groups 

40.8 

Total  N  %  18.3 

Mean  Residue  Wt.  91. 3 


•Conte,  s  1  hydroxyl  per  molecule. 
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Figure  X,  and  2,  shows  the  effect  of  water  concentration  in  the 
gelatin  film  on  the  modulus  of  elasticity  of  various  temperatures.  It 
appears  that  a  water  concentration  of  about  4$  gives  optimum  strength 
results  at  elevated  temperatures. 

The  detailed  or  erect  amino  acio  sequence  of  the  molecule  of  gelatin 
is  not  known;  however,  limited  sequence  and  limitation  on  permiaeible 
sequences  are  kncvu: 

Gly.  Fro.  Hypro.  Gly.  appears  to  be  e  frequent  and  important 
sequence. 

The  sequence  -  Pro.  x  Gly.  Fro.  -  is  deemed  necessary  for 
susceptibility  to  enzyme  action.  Hydroxyproline  may  be 
substituted  for  proline  in  this  sequence. 

A  large  number  of  the  peptide  fragnenta  in  gelatin  contain 
30-38$  glycine  (1  in  3  residues). 

A  few  peptides  contain  greeter  than  38%  glycine  end  others 
contain  no  glycine  over  a  span  of  4  residues. 

Proline  -  and  hydroxyproline  -  rich  fragwnts  ere  deficient  in 
diaihino  and  dlcarboxylic  amino  acid  residues.  Fragnenta  con¬ 
taining  a  large  number  of  diamine  and  dlcarboxylic  amino  acid 
residues  are  generally  poor  in  proline  and  hydroxyproline. 

A  collegen-to-gelatin  t rang format ion  may  be  ccernpllahed  by  gentle 
heating  or  by  the  action  of  urea,  sodium  thiocyanate  or  lithuim  bromide. 
Theae  mild  treatments  produce  gelatins  of  uniform  molecular  size.  Com¬ 
mercial  gelstino,  produced  by  the  action  of  acids  or  bases  have  a  wider 
molecular  variation  and  era  somewhat  more  degraded;  however,  commercial 
gelatin  was  utilized  in  this  progrem  because  of  its  availability.  Com¬ 
mercial  gelatin  costs  from  33  cents  to  75  cents  per  pound,  depending  on 
the  purity.  The  latter  priced  gelatin  is  utilized  in  various  food 
applications. 

The  structure  of  a  collagen  has  been  described  as  "a  triple  chain 
colled  coil  structure  stabilized  by  one  or  two  interchain  peptide  hydro¬ 
gen  bonds  per  three  residue  repeating  units.*  (1)  Gelatin  molecules  may 
be  considered  to  be  fragments  of  this  type  of  structure  with  some  loss  in 
interchain  binding. 

Structural  Properties:  The  Monsanto  Research  Corporation  under  the 
sponsorship  of  the  Air  Force  '"‘teriala  Laboratory  determined  the  tensile 
strengths  of  various  acid  and  neat  grccessed  gelatin  films.  As  mentioned 
previously,  gelatin  films  prepared  oerly  by  the  authors  exhibited  strength 
as  high  as  13,300  psi;  however,  l  .'cause  of  trapped  air  bubbles  end  edge 
affects,  this  figure  was  proven  pessimistic. 
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Gelatn  cast  films  are  usually  produced  ty  adding  gelatin  to  one 
alf  the  required  water  at  about  18°  C.  The  gelatin  is  soaked  in  the  cold 
»ater  for  at  out  13  minutes,  then  the  remainder  of  the  water  at  60°  C.,  is 
advtd.  Tus  solution  is  held  at  this  temperature,  60c  C.,  anu  Is  gently 
agitated  until  the  gelatin  particles  nave  gone  into  solution,  A  very  small 
agitutcr  must  be  utili.eu  in  order  to  prevent  entrapment  of  air  bubbles  in 
tne  solution.  Satisfactory  files  have  leen  cist  with  solid  contents  ranging 
from  1  to  4 0  per  cent  of  th<  gelatin  water  solution,  films  can  be  easily 
cist  eiii.  later  removed  from  polished  metal  plates.  Gelatin  films’  have  the 
same  tendency  to  shrink  anu  warp  during  curing  as  do  other  cast  plestic 
films.  Ttie  solution  to  tins  warping  lies  in  properly  balancing  the  ratio 
evaporation  to  the  r-.te  of  migration  of  water  to  the  gelatin  surface.  For 
example,  a  solios  particle  surface  film  cast  to  a  thickness  of  .080*, 
cured  under  a  temperature  of  23  -  25°  C.,  end  kept  et  relative  huricity  of 
.,0  will  not  warp.  Table  2,  shows  typical  film  thickness  shrinkage  prop- 
ertiei  of  gelatin. 

Talle  2,  Gelatin  Film  Thickness  Shrinkage 


Solids 

Cast  film 

Cure 

Cured  Film 

Tnickness 

Time 

Thickness 

20 

.000* 

18  hrs 

.010*  to  .013 

40 

.162* 

42  hrs 

.01*0* 

There  are  a  number  of  non-a^ueous  advents  for  gelatin.  These  are 
as  follows:  r:  -  M?thylferjnamide,  Formamide,  Acetic  Acid,  Formic  Acid, 
Phosphoric  Acid,  C  -  Chlorophenol,  p  -  Chlorophenol,  2  or  or  6  - 
Tnchlcrophenol,  p  -  Fiuorophenol ,  Aqueous,  K  -  Methylacetanide,  and 
Apieots  Ftthanol  (JjJx  H-0). 

i _ TM  tensile  coupons  are  cut  from  gelatin  cast  films  after  condition¬ 

ing  at  relative  humidities  ranging  from  !)<>•  to  100!£.  This^minimizea  the 
majority  of  edge  crazirg  caused  from  cutting.  Tensile  strengths  as  hi$» 
as  21,000  psi  have  been  obtained  from  these  cast  gelatin  films.  Table  3» 
s  iows  a  comparison  of  properties  of  cast  cured  gelatin  films  at  ?3C  F.,  to 
ether  well-known  organic  films. 

Table  3.  Comparison  of  Geletin,  Ffrlar.  H  Film  at  25°  F. 

Tensile  strength  (psi) 

Geletin  ftylar  H  Film 

21,000  23,000  20,000 

Tbie  mechanical  properties  of  plasticized  gelatin  films  are  shown  in 
Table  5.  Glycerol  was  used  as  the  plasticizer  in  these  tests.  The  elon¬ 
gation  of  a  geletin  film  virtually  unaffected  by  water  concentrations  up 
to  2/,;,  by  we i git. 


Table  L,  Gelatin  Film  Water  Content  Effects  On  Elongation 


%  Water 

%  Elongation  at  Failure 

0 

4 

13.5 

5 

24 

6 

34 

23 

71 

36 

Table  5.  Plasticizer  Effect  On  Film  Strength 


Glycerol 

Yield(psi) 

%  Elongation 

Ultimate 

X  Elongation 
at  Failure 

15 

13.030 

6 

13.663 

20 

30 

4.257 

6 

5.013 

44 

Modulus  of  Elasticity;  Gelatin  f lions  modulus  of  elasticity  properties 
have  been  determined  as  a  function  cf  film  thickness  vs.  temperature.  A 
summary  of  these  results  can  be  seen  in  Table  6. 
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Table  6 


Modulus  of  Elasticity  as  a  Function 
of  Temperature  and  gaggle  Thickness 


Temperature 

Mcdulua  of  Elasticity 

(pal) 

eC 

0.048*  Sample 

0.020*  Sample 

0.010*  Sample 

-75 

7,500,000 

-30 

1,700,000 

1,300,000 

-20 

920,000 

1,200,000 

-10 

650,000 

1,100,000 

0 

850,000 

1,000,000 

1C 

780,000 

920,000 

?0 

840,000 

840,000 

30 

920,000 

780,000 

40 

840,000 

680,000 

50 

640,000 

580,000 

60 

230,000 

330.000 

500,000 

70 

150, oco 

170,000 

500,000 

60 

75,000 

160,000 

Sample  broke 

90 

O 

O 

O 

ft 

130,000 

ICO 

5,60c 

125,000 

110 

000 

60,000 

120 

^2#0G0 

- 

130 

11,000 

- 

l/.C 

103,000 

- 

The  recovery 

in  modulus  at  the 

elevated  temperatures 

is  attributed 

to  initiation  of  cross-linking  at  those  points.  The  performance  of  fully 
cross-linked  films  has  not  yet  been  established.  Ac  improvement  of  prop¬ 
erties  would  be  expected,  if  degradation  has  not  occurred  during  cross- 
linking. 
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Effect  of  Ultra  Violet  Hadletioni  Ultra  violet  absorption  spectra 
run  on  gelatin  films  indicate  that  gelatin  is  virtually  transparent  at 
wave  length  no  greater  than  230  mu;  however,  below  this  wave  length 
gelatin  absorbs  ultra  violet  radiation.  Tensile  tests  were  conducted  on 
gelatin  samples  and  mylar  after  a  200  hour  exposure  to  a  Hanovia  ultra 
violet  lamp's  radiation.  It  should  be  noted  that  the  tensile  properties 
reported  for  the  gelatin  are  considerably  lower  than  the  values  previously 
reported;  however,  these  films  were  some  cf  the  earlier  films  prepared, 
and  the  film  making  technology  had  not  been  perfected.  Table  7.  summarizes 
the  results  of  these  testa.  Theso  results  indicate  that  ultra  violet  radi¬ 
ation  more  adversely  effects  F2(I.Afi  than  gelatin.  These  tests  were  conducted 
under  atmospheric  conditions. 


Table  7,  Tensile  Properties  of  Gelatin  Films  and  Mylar  Films 
After  a  POO  Hour  V.V.  Raaiation  Exposure 


Tensile  Strength 


Before 

and 

After  Exposure 

Jtylar 

33*200 

27,400 

Acid  Processed  Gelatin 

15.100 

15. '*oo 

Base  Processed  Gelatin 

14.900 

13.700 

Effect  of  van  de  Graaff  Radiation;  Gelatin  and  Mylar  films  vere 
irradiated  with  different  doaages  of  van  de  Graaff  radiation  in  both 
the  atmosphere  and  in  a  vacuum.  Gelatin  retains  its  strength  quite 
wall  in  the  elr  et  low  and  intermediate  dosages  cf  electrons;  however, 
at  higher  doaages  thsre  is  a  significant  reduction  of  gelatins  tensile 
strength.  High  dose  rates  also  make  gelatin  brittle  end  sensitive  to 
mechanical  shock  (drilling  holes),  end  sudden  applications  of  loads. 
Table  8,  and  9,  summarize  the  results  of  these  tests  in  air  and  in  a 
vacuum. 
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TnHe  8 


Effect  of  van  de  Graeff  Irradiation 
(Electron)  on  Gelatin  (In  Air) 


Kateriel 

Total  Dose 
(reds) 

Tensile  Strength 
(csi) 

% 

Elonrat ion 

0 

33.200 

75 

5  x  106 

33.8oo 

75 

107 

31.PCO 

66 

S  x  10? 

27,700 

61 

Acid  Processed 

Gelatin 

0 

13.100 

5.5 

5  x  106 

13,100 

5 

10? 

13.600 

5 

5  x  1C7 

7,900 

2.5 

Ease  Processed 

Cclotin 

0 

14.9(0 

5 

5  x  ic6 

H.jco 

5 

107 

16.300 

5 

:  * 

7.30C 

2.7 

ZOO  - 


Table  9 


Effect  of  Tan  de  Graaff  Irradiation 
..(Electron)  on  Gelatin  (In  Vaeunnl 


Total  Dose 


Teneile  Strength 


% 

Elongation 


Kylar 

0 

33,200 

75 

5  x  106 

32,500 

83 

10? 

31,100 

82 

5  x  10? 

29,600 

79 

Acid  Processed 

Gelatin 

0 

15.100 

5-5 

5  »  lo6 

15.600 

r 

107 

15.500 

5 

5  x  lo7 

11,700 

3 

Pace  Processed 

Gelatin 

0 

14.900 

5 

5  *  lo& 

14.300 

4 

107 

13.100 

4 

5  x  lo7 

8,100 

2 
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Permeability  of  Gelatin  Pilmat  Permeability  of  teste  hare  been 
conducted  by  two  companies.  Monsanto  Research  Corporation  reports  the 
following  results  shown  in  Table  10.  Independent  permeability  measure¬ 
ments  of  protein  films  to  oxygen  and  hydrogen  carried  out  by  Swift  and 
Co.  research  personnel,  hove  also  yielded  encouraging  preliminary  results. 
Iheir  findings  to  date  indicate  these  films  have  one-fifth  to  one-eigith 
the  transmission  of  hydrogen  gas  as  compered  to  a  ‘Jtylar*  film.  Gas 
transmission  values  obtained  with  oxygen  gas  are  e.’jual  to  or  superior  than 
polyvinyl idene  chloride  film,  and  one-fifteenth  that  of  ‘Mylar*  film.  It 
is  important  to  note  that  these  results  were  obtained  on  filma  containing 
glycerol,  Flasticized  films  normally  become  more  permeable  than  the 
unplasticized  form. 


Table  10,  Permeability  Measurements 

Permeability 


Gas 

Sou.ce 

_  Mrtar 

cm3/aec/cm^/cai  f te/nm 

Acid  Base 

Treated  Treated 

Gelatin  Gelatin 

x  101* 

Galatia 

Nitrogen 

MiC 

4.3° 

12.7 

9.1 

TAPP I  Monograph  2 

3  5-c 

- 

- 

as 

DuPont 

4.75 

- 

- 

- 

Air 

KRC 

3-9 

14 

- 

- 

Lord  Rayleigh 

- 

- 

- 

761 

helium 

me 

712 

U3 

316 

- 

Lord  Haylelgi 

- 

- 

- 

140,000 

DuPont 

766 

Swift  and  Co.  hat  also  reported  that  preliminary  data  shows  diffusion 
rates  au  not  increased  when  the  films  are  plasticized,  which  is  an  extremely 
interesting  property. 

Comparison  with  Oriented  Polymers:  The  studies  of  gelatin  as  an  engineer¬ 
ing  material  art  admittedly  incomplete  at  this  time.  Review  of  data  obtained 
on  the  films  indicate  gelatin,  an  unoricnted  polymer,  compares  quite  closely 
with  several  high  strength  oriented  polymers. 
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The  Table  11  below  is  presented  for  comparison  purposes. 


Table  11 


T°C 

Gelatin 

Mylar* 

H  Film* 

Tensile  Strength 

Of* 

21,000 

23,000 

20,000 

(rail 

- 

12, coo  9  150°C 

5,000  j  200°C 

12,000  <?  200<>C 

tfedulus  of 

25 

i,oro,ooo 

500,  coo 

400,000 

Elasticity  (psi) 

2C0 

’30,000 

50,000 

250,000 

Break 

25 

7 

100 

70 

Elongation, 

ECO 

7 

Large 

70 

Moisture  t*pteke 

25 

13*:  40s  m 

0.2 

1.3  g  :>oz  Hi! 

Hes 1  stance  to 
Crger.ic  Solvents 

Good 

Fair 

bio  known  solvent 

*E.  I.  duPont  de  i.emours  4  Co.  thermosetting  development  film. 


Class  Cloth  Helnforced  laminates:  Some  investigation  was  accomplished 
in  producing  class-gelatin  laminates. 

This  work  involved  an  attempt  to  determine  the  factors  important  in 
producing  the  laminates,  such  as  tir«0- temperature-pressure  cycles,  croaa- 
1 inking  agents,  and  surfactants  on  mechanical  properties  and  water  sensi¬ 
tivity.  Surprisingly  good  flexional  strengths  were  otteined  in  the  few 
laminates  made,  considering  the  very  limited  amount  of  work  done.  Optimum 
press  cycle,  cross- linkers,  and  pre- impregnation  techniques  for  the  cloth 
were  not  really  ascertained.  Flaxural  strengths  as  hi#»  as  77»90°  P»1  *<•*• 
obtained  with  laminates  which  is  in  the  range  of  high  grade  epoxy  systems. 
Future  effort  should  yield  even  better  results.  Tables  12  and  13  contain 
properties  of  the  gelatin  films  with  chemicel  modifiers  and  the  effects 
of  press  cycle  variations  on  the  laminates. 

It  should  be  noted  that  the  work  on  laminates  was  not  connected 
with  efforts  to  produce  expandable  structures,  as  they  were  cured  and 
rigidized  during  the  press  cycle.  The  reported  data  is  included  merely 
as  a  possible  point  of  interest  in  discussion  of  gelatin. 
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Table  12 


techanieal  Properties  of  Gelatin  Containing  Chemical  Madlf 
Ten? 11a  Data 


G0  Gelatin  ♦ 

2.5 %  fialdehyda  Starch, 
Vacuum  Dried 


IP, 300 


Deacrintion 

Yield 

ral. 

Failure 

psi 

Elongation 
Yields  FallX 

2S 

50 

Modulus  of 
75  100 

G8 

Gelatin 

18,000 

18,300 

6 

9 

>1000 

220 

120 

100 

G8 

Gelatin,  Vacuum  Dried 

20,900 

4 

G8 

Gelatin  * 

2.5S  Dialdchyde  Starch 

16,700 

17,000 

6 

9 

>1000 

450 

170 

120 

5. 02 

16,800 

18,100 

5 

11 

>ioco 

160 

94 

64 

10.0K  *  • 

14,800 

6 

>1000 

680 

220 

200 

10. o--  *  * 

14,700 

k 

>1000 

400 

130 

66 

30.0%  •  • 

12,400 

r> 

j 

A  000 

110 

36 

30 

jO.OS; 

11,100 

2 

A  000 

600 

84 

38 

C8  Gelatin  ♦ 

102  Cialdehyde  Starch 
1<K  * 

302  *  * 

(above  3  dried  at  100°C) 

G8  Gelatin  * 

10r:  Dialdehyde  Starch 
30S  •  • 

(Heated  3  hrs  125eC) 

G8  Gelatin  soaked 
CHjO  vapor 

08  Gelatin  ♦ 

2.%  Dialdehyde  Starch 
S.OZ  • 

(Soaked  in  formaldehyde  vtror) 

08  Gelatin  +  5%  Dialdenydn 

Starch  -  soaked  in  KtyOH  varor 

08  Celatin  ♦  aqueous 
formaldehyde 

G8  Gelatin  ♦  aqueous  form¬ 
aldehyde  dried  r.t  100*0 

C3  Gelatin  +  aqueous  form¬ 
aldehyde  dried  at  123  cC 


13,100 

15.300 

ll.fcOC 


16,800 

3,200 


17.500 


16,000 
13 ,600 


j 

2 


4 

4 


A000 

420 

260 

1 35 

A000 

600 

16c 

80 

>1000 

330 

120 

78 

>1000 

230 

90 

47 

>1000 

440 

180 

100 

>1000 

88 

19 

9. 

Sample  very  brittle,  broke 


Table  12 


anical  Trorerticf  rf  Gelatin  Containing  Chemical  Modifiers.  Glycerol,  and  Inert  Fillers 
Tenr lie  lata _ 


Failure  Elcnoet  ion 
psl  Yield  %  Fall  % 


Flexural  Data 
Failure  Inch 


18,300 

20,900 


Modulus  of  Kimtlcity  Data  (pal  x  10~3  T°C) 

0  JZL.  100  no  120  130  150  175  200  225  pal  Deflection 


M  000  220 


120  ICC 


30 


29 


56 


24 


17,000 

8,500 


0.09 


17,000 

18,100 

14,800 

14.700 

12,400 

11,100 

18,300 


9 

11 

6 

ii 


>1000 

>irrr 

>1000 

>lcoo 

Stu' 

>1000 


450 
1 80 
680 
40C 
110 
6eo 


170 

54 

020 

no 

36 

J4 


120 

64 

200 

66 

nr 

38 


96 

45 

160 

i,0 

*♦  ' 

20 

34 


66 

28 

11c 

22 

12 

32 


32 

18 

90 

12 

16 

26 


27 

20 

120 


42 

25 

210 


2.0  @  1350c 

7  4.6 

5  3.2 


20 

12 

23 

3.5 

3.1 


1.2 

2.6 

<2.0 

1.6 

1.6 


13,000 

9,600 


0.08 

0.07 


15.100 
15 .300 

.  11.40C 


16,800 

5,200 

t 

t. 

>1000 

420 

260 

135 

125 

105 

84 

56 

43 

25  2*5 

O 

O 

rH 

t 

>10C0 

600 

160 

90 

co 

64 

60 

31 

9 

r. 

-* 

l6,0or 

4 

>1000 

330 

12c 

78 

70 

56 

47 

32 

£X 

13 

15. 6 '■■0 

>1000 

230 

5‘0 

47 

32 

15 

7 

13 

19 

6 

10,500 

>1000 

.40 

ISO 

loo 

56 

ll 

10 

10 

10 

2.0 

9.100 

J 

>1000 

06 

19 

9.2 

7.4 

5«u 

5. 0 

3.7 

6.4 

1.1 

J2,4°0 

5,600 


14.100  0.09 


Sample  very  brittle,  broke  at  start  of  test. 
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Mechanical  Properties  of  Celatm  Contain tnp  Cienlcel  Modifier 


Table  12,  Continued 


Tensile  Dato 


Yield 

Failure 

Eloncotion 

Modulus 

of  r' 

Description  psi 

rsi 

Yield  ;; 

■MOP! 

JjO" 

-25_  _ 

100. 

G8 

Gelatin  +  aqueous  formalde¬ 
hyde  -  so:  'ccd  in  CffcO  vapor 

£.100 

06 

Celetin  +  pyueous  fortr.nlde- 
uydc  -  soaked  in  v.por 

12,6rr 

4 

OlCCG 

8c 

20 

h*h 

08 

Gelatin  +  6'iueous  l'ormeldc- 
■  ydc  -  soaked  in  v_por, 

dried  at  TCi  ^C 

S.cco 

e 

C6 

Gelalln  +  he\:trotliyleno- 
tetrnnine  ID ,300 

11.7CC 

4 

13 

100c 

320 

51 

14 

G6  Gelftin  +  hexeircthyltne- 
tetrrhine  -  so;  V:ed  in 
CT'-C  vapor 


l/,,£oo 


Table  13 


Sf-rarle 

FC1 


l -C? 

F  C3 


Flexural 

Strength 

55.400 


53.700 


67.200 


55 

*35 

c 

100 

57.400 

FC3 

20 

102 

40.700 

30 

60 

105 

150 

0 

50 

100 

PC  fc 

20 

30 

60 

102 

105 

135 

M 

Cn  0> 
OOO 

57.300 

PC? 

20 

30 

60 

102 

105 

135 

0 

50 

100 

69.600 

FC3 

onVo  ro 
000 

102 

105 

135 

0 

50 

1000 

77.900 

PC9 

30 

60 

105 

135 

0 

1000 

64.400 
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HI.  GELATIN  RICIEIZED  S1KICTO&S  RESEARCH 


Concept i  In  November  of  19&2,  Mr.  Forbes,  co-author,  initiated  research 
directed  toward  determining  the  feasibility  of  utilizing  gelatin  materials  iiS 
a  rigidizing  medium  for  expandable  support  type  structures.  Structures  were 
fabricated  from  gelatin  plasticized  films  or  gelatin-fiberglass  composites, 
the  plasticizer,  a  glycol,  permitted  the  folding  or  packaging  of  the  structure. 
These  structures,  after  deployment  in  the  vacuum  of  a  space  chamber,  rapidly 
rigidized  by  the  migration  or  evaporation  of  the  plesticizer.  In  reality  the 
gelatin  is  dehydrated  during  rigidization. 

Preparation  of  Gelatin  Film  Structures:  Gelatin  cast  film  structures 
and  sprayed  film  gelatin  structures  were  prepared  by  dissolving  about  20%  to 
by  weight  of  gelatin  dry  crystals  into  70%  to  80%  by  wei#it  water  at  a 
temperature  between  120°F.  to  140°F.  This  solution  ie  then  either  cast  into 
films  or  sprayed  into  sheets.  The  sprayed  or  cast  films  were  air  dried  for 
about  one  to  two  days  or  until  the  films  had  dried  to  a  non-tecky  rubbery 
state.  These  films  were  then  sealed  into  a  plastic  air  tijjit  bac  end  stored 
at  3J°F.  When  tnese  films  were  removed  from  containers  end  exposed  to  a 
vacuum  the  remaining  water,  about  20?  to  /|0?  by  weitfit,  rcpidly  migrated 
end  caused  the  film  to  rigidize.  Plestlcizers,  such  as  ethylene  glycol, 
aorbitol,  glycerine,  ard  polyethylene  glycol  can  be  used  in  piece  of  vatei . 
Utilizing  these  plasticizers  will  permit  lower  plasticizer  concentrations. 

Gelatin  fiberglass  composites  are  prepared  by  making  a  gelatin-water 
or  gelatin-water-plesticizer  solution  and  pouring  this  solution  over  the 
fiberglass  cloth  or  dipping  the  glass  cloth  into  the  solution.  Once  the 
cloth  laminate  Is  thoroughly  saturated,  25%  gelatin  by  weight  minimum,  the 
laminate  is  pieced  in  a  temperature  controlled  hydraulic  press  with  a  platen 
pressure  of  25  pal  to  100  pai  and  a  platen  temperature  of  Uj0°F.  to  200°F., 
and  the  laminate  is  cured  for  about  20  to  30  minutes.  Then  the  preas  is 
alloued  to  cool  to  60°F.  for  about  20  to  3°  minutes.  The  resulting  laminate 
panel  is  placed  in  an  air  tight  container  until  usage.  It  hss  been  found 
that  a  better  bond  between  fiberglass  and  gelatin  can  be  achieved  by  adding 
1%  by  gelatin  weight  of  a  liquid  detergent  to  improve  the  wetting  character¬ 
istic  of  the  gelatin  solution.  Addition  of  1%  by  gelatin  weight  of  a  cross- 
linking  agent  previously  discussed  will  produce  a  water  proof  laminate; 
however,  it  la  recommended  that  the  laminates  be  cross-linked  by  exposing 
the  laminate  to  a  vaporized  cross-linking  agent.  This  recoamcndstion  has 
been  made  because  the  addition  of  a  cross-linking  agent  tends  to  prevent 
adequate  bonding  between  gelatin  and  fiberglass  which  in  turn  causes  de¬ 
lamination  failures.  Two  individual  sheets  of  fiberglass  gelatin  may  be 
Joined  together  by  a  simple  lap  joint  technique  or  gelatin  pressure  bonded 
tape.  The  addition  of  a  cross-linking  agent  also  will  interfere  with  ability 
to  achieve  a  satisfactory  structural  joint. 

Fabrication  and  Testing  of  Expandable  Gelatin  Structures:  The  first 
attempt  at  fabricating  e  gelatin  structure  was  made  by  brushing  the  gelatin 
solution  over  an  inflatable  form  with  fiberglass  cloth  reinforcing  laid  over 
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.he  form.  Hila  inflatable  form  was  a  24  Inch  dlamatar  dona  with  a  alx  Inch 
cylinderical  skirt.  After  fabrication  thia  atructure  waa  folded  into  a  com¬ 
pact  package  and  atored  for  ten  daya  after  which  it  waa  placed  in  a  vacuim 
chamber.  Hie  chamber  waa  evacuated  to  10'1  Hg.,  for  four  houra.  Once,  the 
chamber  had  been  evacuated,  the  structure  waa  pressurized  to  an  internal 
pressure  of  200  am  Hg,  Radiant  heat  lours  installed  in  the  teat  chwber 
simulated  aolar  radiation  which  provided  a  structure  surface  temperature  of 
about  100°F.  Hie  reeulting  structure  waa  quite  rigid  for  ita  we  1  git,  but 
aomewhat  wrinkled  in  appearance.  The  rlgldized  structure  had  a  wall  thick¬ 
ness  of  about  thirty  mils.  Figure  3*  shows  photographs  of  the  expanded 
rigidized  atructure. 

Hie  next  expandable  structure  waa  fabricated  by  spraying  the  gelatin 
solution  over  a  rigid  form.  Once  the  cos«>leted  atructure  had  air  dried  for 
one  day.  it  wan  removed  from  the  mold.  The  sprayed-on  gelatin  material  waa 
quite  rubbery  and  was  folded  up  and  stored  for  a  week,  after  which  the  struc¬ 
ture  was  inflated  to  240  am  Hg. .  pressure  wnich  was  quite  remarkable  since, 
this  structure  had  no  interna,  air  tight  membrane,  ae  in  the  previous  experi¬ 
ment,  Hi  is  structure  was  lef*.  in  a  chamber  at  10*1  m  Hg. .  for  two  houra 
and  thirty  minutes,  resulting  in  a  rigidized  dome  of  three-eighthe  inch  wall 
thickness.  Figure  4,  shows  photographs  of  thia  aome  unexpended  and  in  the 
rigidized  state.  The  next  major  change  in  fabrication  procedure  was  the 
incorporation  of  an  airless  spray  gun  for  spraying  the  gelatin.  Hie  purpose 
of  the  eirlesa  spray  gun  was  to  eliminate  the  entrapment  of  air  caused  by 
conventional  spray  guns.  Hie  airless  spray  gun  reduced  the  amount  of  entrapp¬ 
ed  air  by  5Qg.  Similar  structures,  as  previously  described,  were  fabricated 
and  rigidized  at  vacuums  of  10*1  mm  Hg. ,  or  less. 

After  successfully  rigidizing  a  number  of  small  structures  the  next 
goal  of  this  research  program  waa  the  rigidizatlon  of  a  12.6  foot  diameter 
sphere.  A  rubberized  nylon  inflatable  sphere  was  spray  coated  with  a  gelatin- 
IX  formaldehyde-water  solution,  as  shown  in  Figure  3.  Hits  sphere  was  placed 
in  a  vecuum  chamber  which  waa  evacuated  to  10*1  ns  Hg,  Hie  sphere  was  inter¬ 
nally  pressurized  to  about  .3  pel;  however,  shortly  after  pressurizing  the 
sphere  shrinkage  cracks  occurred.  Gelatin  coatings,  as  previously  discussed, 
have  a  tendency  to  shrink  during  migration  of  the  plasticizer  while  the  inter¬ 
nally  pressurized  bladcer  does  not.  thus  the  gelatin  rigidized  coating  cracked 
into  approximately  three  feet  by  three  feet  sections. 

A  re-evaluation  was  made  of  this  program  which  resulted  in  a  re -emphasis 
of  gelatin  reinforced  fiberglass  structures.  A  series  of  small  12  inch  dia¬ 
meter  domed  test  panels  were  fabricated  and  rigidized  under  10*^  am  Hg.  Hie 
utilization  of  the  fiberglass  rainforcing  has  eliminated  the  problems  of 
shrinkage  cracks  and  wrinkles  in  the  structural  membrane.  Several  teat  struc¬ 
tures  have  been  fabricated  with  a  brown  Kraft  paper  inner  liner  integrally 
bonded  to  the  gelatin-fiberglass  composite  for  the  purpose  of  reducing  poros¬ 
ity  or  pin  hole  size  leaks.  A  pillow  type  gelatin  fiberglass  structure  waa 
fabricated  from  two  panels  two  feet  by  three  feet  with  Kraft  paper  inner  liner. 
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Figure  5,  Fabrication  of  12.5  ft*  diameter  Gelatin  Sphere 
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These  two  panels  were  seam  welded  around  the  perimeter.  This  structure  was 
plasticized  with  23#  ethylene  glycol.  This  structure  wa3  rolled  up  and  stored 
in  a  3-1/2  inch  x  20  inch  long  cylinder,  later  it  was  placed  in  a  vacuum  cham¬ 
ber  and  was  rigidized  within  three  hours  at  a  vacuum  of  10-1  mu  Hg.  This 
structure  was  very  smooth  and  no  shrinkage  cracks  were  evident. 

An  expandable  pyramid,  three  feet  on  a  side  was  made  of  gelatin  fiber¬ 
glass.  This  pyramid  was  rigidized  under  a  10"!  mu  Hg. ,  vacuum  condition  in 
two  hours.  Figure  6  shows  photographs  of  this  pyramid  unexpanded  and  expanded. 

After  the  latter  experiment,  it  became  apparent  that  the  impregnating 
process  utilized  for  applying  the  gelatin  to  the  fiberglass  cloth  was  in¬ 
effective.  Therefore,  the  Monsanto  Research  Corporation  was  given  a  contract 
by  the  Aii  Force  Aero  Propulsion  Laboratory  to  preinyregnate  continuous  rolls 
cf  10  inch  wide  fiberglass  cloth.  The  following  is  a  copy  of  tho  impregnation 
procedure  used  by  Monsanto: 


PROCLDIK  -t1-  FCR  PKFPAHINC  PLASTIC  LLP  OKI.  AT  If.'  FRKFi&C 

The  addition  of  plasticizing  agents  such  as  the  polyhydric  alcohols 
(glycorine,  ethylene  glycol,  propylene  glycol,  etc.)  to  the  ge’lntin-glp'js 
cloth  prrprcg  will  produce  flexible  laminates.  The  flexibility  of  these 
laminates  is  due  to  the  plasticization  of  the  gelatin  by  the  plasticizer 
only  in  part.  The  water  present  in  the  lsminate  sppsars  to  be  the  main 
plasticizing  af^nt.  The  polyhydric  alcohols,  besides  serving  as  plasti¬ 
cizers,  also  set  as  hygroscopics  to  hold  the  water  in  the  gelatin.  Con¬ 
sequently,  the  moisture  content  is  an  important  factor  in  preparing  a 
flexible  laminate.  Tests  to  date  show  that  glycerine  is  the  beat  plasti¬ 
cizing  agent. 

Several  advantages  are  gained  when  a  plasticizer  is  used.  The 
gelatin  solution  is  easier  to  prepare.  The  plasticizer  aids  in  dissolving 
of  the  gelatin.  Also  the  prepreg  is  flexible  and  easy  to  handle. 

The  procedure  for  treating  and  pressing  the  plasticized  gelatin  lam¬ 
inates  i3  as  follows: 


I.  MIXING 

A.  To  75  parts  of  warm  water  (60°C.)  add  ,65  parts  of 
preservative  (67.5  parts  sthyl  phydroxybenzoate  in 
200  parts  acetone).  Mix  thoroughly  while  adding. 

B.  Ktx  !•<  10  parts  of  plasticizer  (ijCW  glycerine  based 
on  geiatin). 

C.  Add  23  parts  gelatin,  Mix  thoroughly,  breaking  up 
any  lumps. 

D.  Store  several  hours  at  60°C.  to  deaerate. 
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II 


FHEIKFHLGHATICN 


A.  Gians  Fabric  £-181,  A-1100  size  is  used. 

B.  Three  zone  oven  and  dip  pan  of  the  fabric  treater 
are  heated  to  proper  temperature. 

(1)  First  zone  -  90°C.  (Zone  length  is  3  ft.) 

(2)  Second  zone  -  110°C.  (Zone  length  is  'J  ft.) 

(3)  IMrd  zone  -  2C0°C.  (Zone  length  is  3  ft.) 

(4)  tip  pan  -  55°C.  (Fabric  immersed  at 

least  6  in.) 

C.  Venable  speed  drive  is  adjusted  to  give  20 
inehes/minute. 

D.  Dip  solution  la  added  to  dip  pan  and  treater  is 
started. 

E.  Continue  impregnation  and  drying  until  desired 
amount  is  obtained.  Teat  material  occasionally. 


III.  T2STBC 

A.  T  Resin 

(1)  Periodically  cut  a  swatch  of  cloth  16*  x  12*. 

(2)  Weitfi  to  nearest  tenth  of  a  gram. 

(3)  Compute  resin  pickup  (weight  of  untreated 
cloth  this  size  is  35*5  grams). 

(4)  Raise  or  lower  temperature  of  dip  pan  to 
control  resin  pickup.  Maintain  4 OX,  resin. 

B.  Volatile  Content 

(1)  Use  the  piece  of  material  cut  for  the  % 

Resin  Tes*. 

(2)  Weigh  and  dry  in  oven  15  minutes  at  125°C. 

(3)  Weigh  and  compute  water  loss. 

(4)  Maintain  volatile  loss  at  2 %  by  adjusting 
speed  of  cloth  throu^i  oven.  Prepreg  must 
not  become  too  sticky  (determined  by  touch) 
or  it  will  stick  to  itself  on  the  ro-1. 


rv.  press  nc 

A.  Cut  prepreg  to  desired  size 
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Build 

up  preaa  pack  as  follows: 

(  1) 

Plate 

(  2) 

Eight  (8)  laminations  of  Kraft 

paper 

(  3) 

Pol lshed  plate 

(  k) 

ftylar  sheet 

(  3) 

Frepreg  laminations 

<  6) 

I-Vlar 

(  7) 

Polished  plate 

(  8) 

Insert  thermocouple  in  2  inches  from  edge 

(  9) 

Eight  (8)  laminations  of  Kraft 

paper 

(10) 

Plate 

C.  Load  in  prsca  and  close  to  platen  pressure 

D.  Turn  on  steam  and  nujust  to  obtain  and  maintain 
135 °C. 

E.  When  temperature  reaches  133°C..  apply  200  pel 
on  laminate. 

F.  Press  at  135°C.,  for  20  minutes. 

G.  Cool  to  25°C.,  relieve  pressure,  and  remove 
laminate  from  press . 

v.  cciJiirrcNTWG 

A.  Condition  laminates  at  100X  H.H.  for  maxiimin 
flexibility. 


Hecomnecdat 1 ona :  The  authors  make  the  following  reconmendations: 

1.  Investigate  the  feasibility  of  utilizing  gelatin  to  rigidize 
expandable  core  structures. 

2.  Continue  research  to  characterize  the  properties  of  gelatin. 

3.  Investigate  the  combining  of  gelatin  with  other  proteins,  such 
as  soy  protein. 

4.  Develop  a  reactive  plasticizer  system  for  gelatin  which  on 
exposure  to  a  vaporized  catelyst  will  rigidize  it.  This  development  would 
provide  a  gelatin  rigidlzation  system  which  would  be  useful  for  both  space 
and  ground  applications. 
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MICRO  ENCAPSULATED  POLYURETHANE  FOAM  REACTANTS 
FOR  AEROSPACE  STRUCTURES" 


By  Robert  E.  Kass  and  Lawrence  R.  Lankston 
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This  paper  consists  of  two  parts.  The  first  part  is  concerned 


with  the  chemistry  of  capsular  polyurethane  foam  systems  and  the 
second  part  with  the  application  of  these  systems  to  the  engineering  and 
development  of  ngidizable  shelters  and  solar  collectors. 

The  Chemistry  of  Capsular  Polyurethane  Foaming  Systems 
(1)  The  National  Cash  Register  Company  became  interested  in  the 
ngidization  of  aerospace  structures  through  the  development  of  techniques 
for  applying  micro-encapsulation  technology  to  polyurethane  reactants. 

This  technology  provides  a  method  for  separating  reactive  components, 
such  as  those  used  in  the  formation  of  polyurethane  foams.  Both  liquids  and 
solids  can  be  encapsulated.  Capsular  liquids  exhibit  ‘he  behavior  of  a 
pseudo  solid.  Figure  1  shows  two  examples  of  encapsulated  polyurethane 
reactants.  The  material  on  the  right  is  an  encapsulated  polyol.  The 
other  material  is  an  encapsulated  solid  polyisocyanate.  Capsule  sizes 
can  vary  from  a  few  microns  to  as  large  as  a  quarter  of  an  inch.  A  major 
advantage  of  encapsulated  foam  reactants  is  their  ability  to  be  premixed, 
without  reaction,  for  prolonged  periods. 

This  paper  will  not  discuss  the  NCR  micro-encapsulation 
technology  or  the  various  coacervation  processes.  Rather,  the  paper  is 
confined  to  a  discussion  of  the  development  of  capsular  urethane  foaming 
syste-'-'s  for  use  in  an  aerospace  environment. 

The  general  reaction  involved  in  the  preparation  of  polyurethane 
foams  is  the  reaction  of  a  polyisocyanate  with  a  polyol  to  form  a  urethane 
linkage.  Certain  co- reactants  when  used  with  the  proper  amount  of 
catalyst,  surfactant  and  blowing  agent,  will  produce  a  rigid  foam.  Standard 
commercial  foams  usually  involves  the  use  of  carbon  dioxide  or  freon 
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blowing,  however,  in  high  vacuum  environments  these  blowing  mechanisms 
are  not  operable  and  new  ones  must  be  devised. 


Figure  1.  Encapsulated  Foam  Reactants 
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Figure  2.  Commercial 
Prepared  at 


Foam* 
ric  Pressure 


Figure  3.  Commercial  Uretl'ane  Foam  Materials 
Reacted  at  One  Millimeter  Pressure 
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Figure  4.  Sample  of  Foam  From  Capsular 
Atmospheric  Formulation 

The  type  of  foam  produced  at  atmospheric  pressure,  using  a 
standard  commercially  available,  rigid  foam  formulation  (freon  blown) 
is  shown  in  Figure  2.  This  foam  has  a  density  of  approximately  two 
pounds  per  cubic  foot.  When  this  formulation  is  reacted  in  a  vacuum 
environment,  at  about  one  millimeter  pressure,  a  product  as  shown  in 
Figure  3  results.  The  difference  in  properties  of  Figure  2  and  Figure  3 
shows  that  the  lack  of  pressure  increases  the  volume  occupied  by  the 
blowing  gas,  thereby  causing  too  rapid  a  blowing  rate  and  foam  collapse. 
This  dramatizes  the  problem  and  points  out  that  basic  formulation  studies 
involving  polyurethane  reactants  were  required  before  autogenous  urethane 
systems  possessing  the  ability  to  be  used  in  high  vacuum  environments 
could  be  developed. 
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To  test  the  concept  of  urethane  foams,  using  encapsulated 
ingredients,  the  initial  experiments  involved  an  atmospheric  foam 
formulation.  The  formulation  studied  consisted  of  a  prepolymer  isocya¬ 
nate  resin  (Urefoam  R)  which  could  be  foamed  and  cured  with  water. 

Dabco  (amine)  and  T-9  (tin  compound)  were  used  as  catalysts.  The 
water  source  was  encapsulated,  hydrated  sodium  borate,  which  dehydrates 
upon  gentle  heating.  It  should  be  noted  that  in  all  cases  during  these 
investigations  thermal  energy  was  utilized  to  activate  the  capsular  foam 
formulations.  Upon  heating,  the  material  inside  the  capsule  was  released 
and  allowed  to  react  with  external  or  other  capsular  materials.  A  cross 
section  of  foam  sample,  made  using  the  capsular  Urefoam  -  R  system,  is 
shown  in  Figure  4.  The  cell  structure  is  similar  to  a  typical  atmospheric 
formed  polyurethane  foam. 

After  establishing  the  feasibility  of  the  capsular  concept,  vacuum 
foaming  systems  and  the  capsular  means  to  translate  these  systems  to 
stable,  one  package  units,  were  developed.  As  part  of  this  overall  work 
the  vacuum  volatility  of  a  number  of  polyurethane  ingredients  was  examined. 
Since  the  efforts  were  directed  toward  systems  which  could  be  stored  at 
low  pressures  until  heat  activated,  materials  which  would  not  be  too 
volatile  during  prolonged  storage,  were  required. 

Some  of  the  materials  that  were  tested  for  volatility  at  reduced 
pressure  are  shown  in  Table  1.  The  data  was  obtained  on  the  un-encapsu- 
latcd  reactants.  The  weight  loss  in  the  625  material  was  thought  to  be 
free  TDI  which  is  commonly  found  in  the  quasi-prepolymer  resins.  The 
higher  molecular  weight  and  more  completely  prereacted  Urefoam  R 
did  not  show  continued  loss  after  the  initial  volatiles  were  removed. 
Materials  that  could  be  stabilized  to  a  constant  weight  with  small  weight 
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loss  were  considered  useful  in  the  program.  The  PAPI  (polymethylene 
poiyphenylisocyanate)  isocyanate  was  the  least  volatile  of  the  liquid 
polyisocyanat is.  Most  of  the  polyols  examined  showed  low  weight  loss 
at  room  temperature.  Materials  such  as  glycerine,  which  showed 
relatively  high  volatility  at  room  temperature,  were  excluded  from  the 
acceptable  materials  list. 

The  first  formulation  that  was  developed  for  low  pressure  use 
involved  the  liquid  polyisocyanate  PAPI  and  an  encapsulated  polyol, 
trimethylol  propane.  The  blowing  mechanism  used  for  thi3  system  was 
based  on  thermally  releasing  the  trimethylol  propane,  which  in  turn 
reacted  with  the  Hydripill  to  produce  hydrogen.  Hydripill  is  a  trade  name 
for  a  mixture  of  sodium  borohydride  and  cobalt  chloride.  Catalysts  and 
surfactants  were  added  as  required. 

Figure  5  is  an  example  of  the  product  obtained  from  the  PAPI 
system.;  This  foam  was  produced  at  10*  3  Torr  and  possesses  a  density 
of  8  pounds  per  cubic  foot,  plus  a  tensile  strength  of  100  psi.  It  was 
found,  however,  that  in  going  to  lower  density  foams  in  this  system,  the 
product  became  somewhat  friable.  For  this  reason  it  was  necessary 
to  develop  additional  foam  formulations  which  possessed  better  physical 
properties. 

Development  of  a  foam  formulation  which  possesses  the  required 
physical  and  structural  properties  was  based  on  the  use  of  capsular 
methylene  diphenyl  diisocyanate,  polyol,  surfactant  and  aluminum 
pigment.  This  particular  foam  formulation  has  the  appearance  of  a 
viscous  slurry  or  paste.  Figure  6  represents  the  type  of  foam  obtained 
from  this  formulation.  The  foam  on  the  right  was  produced  at  10_6Torr 
without  pigment.  The  one  on  the  left  is  the  same  formulation,  but  with 
aluminum  pigment  added.  This  pigment  was  found  to  contribute  to  the 
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nucleation  requirements  of  the  foaming  reaction,  plus  increasing  the 
transfer  of  the  formulation  leading  to  a  more  uniform  cure  and  a  stronger 
foam. 

This  system  has  proven  operable  from  1  Torr  to  vacuums  higher 
than  10'^  Torr  with  the  same  degree  of  success. 

Vacuum  Stability  of  Urethane  Foam  Components  at  25  Deg.  C. 


Material 

Pressure 

Time  in  Hrs. 

%  Weight  Loss 

Polylite  625 

10' 5 

2 

2.8 

It 

»• 

7 

6.2 

Polylite  505 

It 

2 

0.3 

II 

n 

7 

1.  1 

Urefoam  R 

:t 

2 

2.0 

it 

4 

2.0 

Niax  D2Z 

ii 

2 

0 

T-9 

•  i 

2 

0 

PAPI 

n 

2 

0 

TMP 

H 

2 

0.3 

MDI 

ti 

2 

0 

DC0113 

n 

2 

1.0 

TDI 

10-2 

2 

3.8 

Glycerine 

10 

1 

19.0 

Table  1.  Vacuum  Stability  of  Urethane  Foam  Components 
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Figure  5.  Piece  of  Foam  Rigidised  Cryogenic  Pipe 


Figure  6.  Examples  of  Foani  Prepared  From  Capsular 
Formulation  at  10"  Torr 


The-  Application  of  Capsular  Foams 

As  soon  as  consistent  success  was  obtained  with  the  slurry  type 
foam  formulations,  engineering  work  involving  the  problem  of  utilizing 
the  foam  for  the  fabrication  of  a  7  foot  diameter  by  7  foot  high  space 
shelter  was  initiated.  Before  work  on  the  structure  could  be  performed, 
the  tensi'e  strength  of  the  foam  had  to  be  determined.  From  literature 
and  data  that  had  been  obtained  during  the  research  phase  of  the  contract, 
it  was  known  that  the  density  of  the  foam  affected  its  ultimate  tens.le 
strength.  In  addition,  the  capsular  foam  cell  sizes  were  large  compared 
to  atmospheric  polyurethane  foams.  This  large  cell  size  dictated  the  use 
of  specimens  having  large  cross  sectional  areas  for  tensile  testing.  It  was 
determined  that  the  tensile  specimens  must  have  a  minimum  cross  section 
of  four  square  inches  before  consistent  test  results  could  be  obtained 
from  the  same  bulk  sample  of  foam.  This  indicated  that  tests  run  on 
smaller  sections  test  only  the  strength  of  the  cells  and  voids  instead  of 
the  foam  strength.  By  these  tests  it  was  determined  that  the  tensile  strength 
of  the  foam  was  not  significantly  influenced  by  the  vacuum  range  (1  Torr 
or  at  10  k  Torr)  in  which  the  foam  was  prepared.  All  property  testing 
to  date  has  been  performed  under  average  atmospheric  laboratory 
conditions  and  no  attempt  has  been  made  to  test  the  foam  in  a  vacuum  or 
at  other  than  ambient  temperatures. 

Figure  7  indicates  that  a  foam  having  a  density  of  2  pounds  per 
cubic  foot  will  have  an  ultimate  tensile  strength  of  less  than  10  pounds 
per  square  inch,  while  a  foam  having  a  density  oi  5  pounds  per  cubic 
foot  will  have  an  ultimate  tensile  strength  of  40  pounds  per  square  inch. 

By  contractual  requirements,  NCR  has  worked  only  m  the  2  to  5  pound 
per  cub’c  foot  range.  All  of  the  data  presented  in  this  paper  represents 
the  strength  of  the  NCR  slurry  type  vacuum  foam  without  the  addition 


of  strengthening  agents, 

Figure  8  shows  the  maximum  wall  stress  developed  in  a  7  foot 
diameter,  thick  walled  cylinder  under  15  pounds  internal  pressure  versus 
wall  thickness.  The  curves  are  asymptotic  at  about  15  pounds  per  square 
inch  as  expected.  If  foam  is  utilized  as  the  sole  structural  element  of 
the  cylinder,  a  weak  foam  will  require  a  very  thick  wall.  In  the  densities 
we  have  been  restricted  to,  a  5  pound  per  cubic  foot  foam  developing  40 
pounds  per  square  inch  will  require  a  wall  thickness  of  12  inches  or 
more.  This  is  rather  thick  and  out  of  the  question  for  a  practical  shelter. 
However,  such  a  shelter  will  show  the  feasibility  of  fabricating  foam  into 
standard  structural  shapes,  A  15  pound  per  square  inch  pressure  is 
rather  high  as  far  as  structural  loads  are  concerned,  (a  typical  office 
floor  load  is  seldom  as  high  as  1  psi),  an  air-inflated,  rigidiced  cylinder 
can  be  achieved  by  using  a  foam  with  a  higher  working  stress  or  by 
building  a  composite  wall  consisting  of  foam  and  a  stout  cloth-like  material. 
The  composite  approach  does  not  use  the  foam  to  obtain  structural 
strength.  The  foam  is  used  to  rigidize  the  cloth  bag  in  case  of  loss  of 
internal  pressure. 

Figure  9  shows  a  cross  section  of  the  shelter  wall.  Vertical  and 
horizontal  cords  are  noted  in  the  figure.  These  cords  are  used  to  develop 
the  stress  required  to  maintain  a  flat  floor.  A  flat  floor  is  one  of  the 
problems  which  developed  while  trying  to  make  a  cylindrical  space  shelter. 
A  cylinder  with  a  flat  floor  is  very  difficult  to  make  in  one  operation 
using  air  inflated  structures.  For  this  reason,  the  approach  has  been  a 
two  step  operation;  the  fiuor  is  first  foamed  and  cured,  followed  by  the 
foaming  and  curing  of  the  sidewalls.  The  horizontal  cords  are  used 
during  the  foaming  of  the  floor  and  extend  through  the  exterior  bag  to  a 
toroid  which  surrounds  the  base  of  the  shelter.  The  toroid  is  inflated 
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and  the  liorizontal  cords  pulled  taut,  holding  the  interior  floor  flat 
while  the  foam  is  cured.  After  the  foam  floor  is  cured  the  toroid  is  no 
longer  used,  but  the  vertical  cords  have  been  attached  beneath  the  foam 
floor  and  when  internal  pressure  is  applied  to  the  shelter,  the  vertical 
cords  transmit  the  load  into  the  floor  preventing  the  bottom  of  the 
interior  bag  from  becoming  concave.  All  work  to  date  has  been  carried 
out  on  quarter  scale  engineering  prototypes.  It  was  decided  that  all 
information  of  flow,  placement  of  foam,  use  of  horizontal  and  vertical 
cords  and  use  of  a  toroid  could  be  determined  on  quarter  scale  models, 
thereby  eliminating  the  expenditure  of  several  full  scale  models  during 
development  work. 

Figure  10  shows  an  external  view  of  a  quarter  scale  engineering 
prototype  which  was  foamed  at  1  Torr.  The  penetration  was  placed  in 
the  model  after  the  foam  was  rigidized.  Figure  11  shows  a  cross  section 
of  this  quarter  scale  model  and  shows  the  smoothness  of  the  interior 
surface.  The  sidewalls  were  of  uniform  thickness  and  were  perpendicular 
to  the  floor.  The  floor  has  a  slightly  convex  contour,  but  this  is  in  the 
direction  of  a  more  rigid  floor  and  was  considered  acceptable.  Cords 
are  shown  coming  from  the  floor  upward  onto  the  wall.  The  cords  are 
attached  to  the  wall  with  a  he  it  sensitive  tape  and  are  the  vertical  cords 
referred  to  in  Figure  9. 
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DENSITY 

DENSITY  vs  ULT MATE  TENSILE  STRENGTH 


Figure  7.  A  Graph  of  Density  Versus  Ultimate  Tensile 
Strength  of  NCR  Vacuum  Foam 


Figure  8.  A  Graph  of  Wall  Stress  vs  Wall  Thickness  for 
V  Diameter  Thick  Walled  Cylinder 
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Section  at  nb KtM  by  cinch 


Figure  9.  Proposed  Cross  Section  of  a  Space  Shelter 


Figure  10.  One-Quarter  Scale  Model  of  a  7'  Space 
Shelter  Foamed  at  1  Torr 
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Figure  II.  Cross-Sectional  View  of  a  One-Quarter 
Scale  Shelter  Model  Foamed  at  1  Torr 


Figure  !2.  Location  of  Heating  Element  or.  Floor  of 
Quarter  Scale  Shelter  Model 
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Figure  12  shows  the  placement  of  the  heaters  on  the  bottom  of  the 
quarter  scale  shelter.  The  heaters  are  0.001  inches  thick  flexible 
mchrome  tape  by  one-quarter  inch  wide  and  occupy  10%  of  the  floor 
area.  The  energy  required  to  activate  the  foam  in  the  floor  was  0.4 
Btu  per  pound  per°F.  These  heaters  are  placed  directly  on  the  Mylar 
and  carry  a  current  of  3  amperes  duri  lg  foaming.  There  has  been  no 
problem  with  the  heaters  burning  the  riylar  during  the  foaming  and  curing 
operation.  The  heaters  are  flexible  and  can  be  folded  and  unfolded 
several  times  without  damage. 

Figure  13  is  a  cross  section  of  one-quarter  of  a  slab  of  foam 
containing  aluminum  powder  and  was  prepared  at  1  Torr.  It  was  found 
that  aluminum  powder  increased  the  strength  of  the  vacuum  foam  by  a 
factor  of  2,  bringing  the  strength  of  a  3  1/2  pound  per  cubic  foot  foam  up 
to  45  pounds  per  square  inch.  While  45  pounds  per  square  inch  still  is 
not  adequate  to  reduce  the  wail  thickness  of  the  shelter  to  4  inches,  it 
points  up  the  fact  that  perhaps  a  more  dense  loam,  in  the  range  of  8  to 
10  pounds  per  cubic  foot,  with  aluminum  powder,  may  have  sufficient 
strength  to  reduce  the  wall  thickness  to  a  reasonable  value. 

During  work  with  the  quarter  Scale  modi  Is  and  foam  samples 
for  tensile  testing,  further  information  was  gathered  on  the  vacuum  foams 
and  also  on  the  behavior  of  Mylar.  Figure  14  shows  the  temperature 
history  of  a  foam  prepared  at  10  ^  Torr.  The  heaters  were  energized 
at  the  beginning  of  the  test  for  40  minutes.  The  rise  sn  temperature 
after  the  heaters  were  de-energized  is  due  to  the  exotnerm  of  tiie  loam 
and  it  will  be  noted  that  the  maximum  temperature  reached  was  less 
than  120°C.  The  foam  was  then  allowed  to  cure  m  the  vacuum  and  cool 
to  a  temperature  of  50°C  before  the  pressure  was  increased  and  the 
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sample  removed  for  further  testing.  Recent  tests  with  formulations 
designed  for  lower  exotherms  have  lowered  this  maximum  temperature 
to  less  than  100°C.  The  tensile  strength  of  the  tow  exothermic  foams  is 
about  the  same  as  the  higher  exothermix  formulations.  The  total  expired 
time,  from  initiation  of  the  reaction  to  cure  is  approximately  one  hour. 

Figure  15  indicates  the  elongation  of  Mylar  under  various  loading 
conditions  versus  time.  The  Mylar  was  cut  into  one  inrh  wide  strips, 

100  inches  in  length  and  was  suspended  from  the  ceiling.  To  date,  the 
strips  have  been  tested  in  excess  of  1200  hours  and  the  curves  are 
extending  as  might  be  extrapolated  from  the  graph,  indicating  that  the 
Mylar  has  a  continuous  elongation  under  load.  NCR  is  presently 
evaluating  the  use  of  a  coating  between  the  Mylar  and  the  predistributed 
foam  which  will  be  used  on  the  solar  collectors  to  reduce  this  steady 
growth.  It  is  apparent  that  with  a  material  such  as  Mylar,  the  continious 
creep  makes  it  veiy  difficult  to  produce  an  accurate  contour  as  the  Mylar 
has  a  varying  creep  rate  versus  tcmpc-iatuic  and  versus  load.  Using 
simulated  2  foot  diameter  solar  collectors,  which  are  made  by  placing 
flat  sheets  of  Mylar  over  a  fixture  and  coatuig  these  simulated  collectors 
with  an  'ntermediate  coating,  the  change  in  length  has  been  greatly 
reduced  and  in  some  cases  completely  eliminated.  The  foam  has  then 
been  applied  and  rigidized  with  practically  no  elongation.  This  is  quite 
an  improvement  over  what  is  achieved  with  the  foam  in  direct  contact 
with  the  Mylar.  Work  is  presently  being  directed  towards  optimization 
of  the  thickness  of  the  backcoating  and  to  the  determination  of  whether 
or  not  a  flexible  coating  can  be  used  on  the  collector.  It  is  felt  that  the 
slurry  type  formulation  is  an  intermediate  formulation  and  that  a  totally 
"dry"  formulation  can  be  made  and  pretiistnbuted  over  the  surface  of  the 
object  to  be  foamed.  This  formulation  will  have  a  fast  reaction  time  and 
will  grow  outward  from  the  surface  to  be  foamed,  eliminating  the  problems 
encountered  with  a  "flowing"  foam. 


Figure  13.  Cross  Section  of  15  Pound  Block  of  Foam 


Figure  14,  Typical  Curve  of  Temperature  vs  Time  for 
a  Vacuum  Foam  Reaction 
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Figure  15.  Typical  Curves  Showing  the  Creep  of  Mylar  vs  Time 


Summary 


The  concept  o£  encapsulating  the  reactive  constituents  of  a  foam 
formulation  has  been  developed  and  proven  feasible.  Rigid  polyurethane 
foams  have  been  produced  in  a  vacuum  as  high  as  10  0  Torr;  these  foams 
are  especially  formulated  for  high  vacuum  applications.  Standard 
atmospheric  formulations  will  not  produce  satisfactory  foams  when 
reacted  in  a  high  vacuum.  The  encapsulation  technique  allows  premixing 
and  storage  of  the  formulation  at  room  temperatures  for  long  periods 
of  time..  Work  is  presently  progressing  towards  a  total  capsular  foam 
system  in  which  all  of  the  active  ingredients  of  the  formulation  will  be 
in  a  "dry"  state  suitable  for  predistribution  over  the  surface  of  the 
object  to  be  ngidized.  The  reaction  will  be  tuggeced  when  desired  and 
the  fast  reacting  foam  will  rise  outward  from  the  precoated  surface. 

In  order  to  reduce  the  orange  peel  effect  of  the  foam  on  Mylar  and 
to  reduce  the  creep  of  Mylar,  a  backcoating  is  being  developed.  The 
present  coating  is  rather  thick,  but  it  is  anticipated  that  future  coatings 
may  be  less  than  0.005  inches  thick. 

The  work  described  in  this  paper  was  performed  under  the  sponsor¬ 
ship  of  The  United  States  Air  Force  Aero  Propulsion  Laboratory  under 
Contract  Number  AF  33(657)-896l.  The  Air  Force  Project  Engineers 
on  this  contract  are  Mr.  Fred  Forbes  and  Lt.  Ian  Thompson. 
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INTRODUCTION 


A  variety  of  schemes  have  been  conceived  for  the  attainment  of  expandable 
structures  which  will  automatically  rigidize  or  by  other  means  assume  and 
retain  an  expanded  configuration  when  deployed  in  an  aerospace  environment. 

Many  of  the  concepts  under  investigation  to  attain  this  common  goal  involve 
chemical  or  physical  processes  and  '-onbinations  thereof  which  in  one  respect 
or  another  are  dependent  or  take  advantage  of  the  conditions  existing  at 
altitudes  high  above  the  earth's  surface.  Processes  being  investigated  where¬ 
by  rigidization  is  physically  induced  are  exemp1ified  by  the  stressing  of  thin 
metallic  foils  to  a  curved  configuration,  the  vacuum  volatization  of  plasti¬ 
cisers  which  are  contained  in  stiff  polymeric  coatings  to  render  them  flexible 
and  the  thermal  restoration  of  a  material's  d  .signed  configuration  which  was 
induced  by  crosslinking  it  in  the  expanded  state  and  restrained  in  the  pack¬ 
aged  or  compressed  state  by  refrigeration.  Light  and  heat  sensitive  polymeric 
materials  uhrch  can  be  converted  by  radiant  energy  into  solid  or  rigid  cellular 
products  are  among  the  chemical  systems  being  considered.  Other  than  the  above, 
schemes  are  under  Investigation  which  rely  entirely  upon  mechanical  principles. 
Telescoping  rigid  members  and  spring  loaded  rigid  frame  networks  covered  with 
flexible  membranes  which  lock  into  position  when  released  are  approaches  which 
have  received  considerable  attention. 

Many  uses  have  been  proposed  for  expandable  structures  which  can  be 
rigid! zed  after  being  inflated  in  space.  The  degree  of  rigidization  required 
varies  with  the  mission  which  the  structure  13  intended  to  fulfill.  Struct¬ 
ures  deployed  to  collect  and  store  solar  energy  or  to  receive  and  transmit 
communication  waves  need  only  be  rigidized  to  an  extent  that  the  combined 
forces  exerted  by  the  radiant  energy  of  the  sun  and  the  residual  gas  present 
(which  do  not  amount  to  1  mm  Hg  at  altitudes  of  100  miles)  will  not  collapse 
them  when  their  inflating  ga3  escapes.  Concepts  resulting  in  rigidized 
structures  capable  of  withstanding  large  internal  pressures  could  be  utilized 
to  establish  manned  space  satellite  systems.  Structures  rigidized  to  a  degree 
capable  of  withstanding  large  external  forces  would  be  useful  for  inducing 
drag  on  reentry  flights. 

More  than  three  years  ago  a  research  program  was  initiated  to  investigate 
a  chemical  concept  of  rigidization  which  differs  from  those  previously  des¬ 
cribed  in  several  respects.  It  is  primarily  distinguished  from  other  chemical 
processes  by  virtue  of  the  fact  that  the  gas  employed  to  Inflate  the  structure 
also  reacts  with  the  polymeric  impregnant  converting  it  into  a  tough  rigid 
cros3linked  polymeric  product  which  binds  the  layers  of  reinforcing  fabrio 


into  a  solid  integral  unit.  As  the  reactants  a  re  not  combined  until  it  is 
necessary  to  effect  rigidization  the  problem  associated  with  thermal  xy  sensi¬ 
tive  chemical  mixtures  are  avoided.  No  significant  weight  lo.ns  are  encount¬ 
ered  using  thi3  scheme  as  the  components  employed  are  not  loaded  with  volatile 
materials  which  are  intentionally  vented  to  escape  in  a  vacuum  environment. 
While  the  various  gas  catalyzed  rigidization  systems  are  dependent  upon  temper¬ 
ature  as  to  t1'-  rate  of  the  rigidization  reactions  no  high  threshold  tenperr- 
tures  are  involved.  Structures  based  on  this  concept  of  rigidization  are 
co  prised  of  three  components.  A  high  strength  fab"ic  coated  with  an  imperm¬ 
eable  flexible  polymer  serves  as  the  cover.  It  defines  the  shape  of  the 
structure,  confines  the  inflating  gas  and  determines  the  bursting  strength  of 
the  unrigidized  structure.  The  ply  or  plies  of  reinforcing  fabric  which  are 
impregnated  with  the  rigidizable  resin  are  inf ermeaiate.  To  prevent  the  resin 
impregnated  substrate  from  touching  and  adhering  in  the  packaged  state  the 
structure  is  lined  with  a  film  or  coated  fabric  which  is  permeable  to  the 
gaseous  curing  agent.  This  component  also  forces  the  structural  components 
together  on  inflation  by  transmitting  the  pressure  exerted  by  the  inflating 
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Utiliz  ng  this  concept  and  construction  tecnique,  the  degrees  of  rigidi- 
sation  attainable  ar*>  broad  in  range  and  can  be  r<  gulated  by  varying  the  thick¬ 
ness  of  the  fibrous  reinforced  re3in  impregnated  member.  Since  only  a  small 
po.itive  pressure  differential  is  required  to  Keep  the  unrigidized  structure 
expanded,  rigidization  can  be  effected  in  terrestial  and  other  high  pressure 
environments  as  well  as  at  low  pressures  or  under  extreme  vacuum  conditions. 

In  the  initial  stages  of  these  programs  selected  and  synthesized  polymeric 
impregnants  were  evaluated  in  conjunction  with  a  host  of  volatile  compounds  to 
find  appropriate  systems  for  this  concept  of  rigidization.  Of  the  resin  inter¬ 
mediates  evaluated  which  included  polyesters,  polyurethanes,  polyepoxies, 
grafted  urethane-epoxy  prepolymers  and  other  modified  forms  of  these  polymeric 
intermediates,  the  polyurethanes  and  polyepoxie3  proved  to  be  the  most  suscept¬ 
ible  to  the  vapor  curing  process  utilizing,  respectively,  water  and  triethyl 
amine  as  the  curing  agents.  While  both  of  these  systems  are  proposed  for  the 
rigidization  of  expandable  structures,  the  system  based  on  the  urethanes  is 
preferred  since  it  can  be  rigidized  at  a  comparatively  fast  rate  with  a  non¬ 
toxic  curing  agent.  For  thi3  reason  and  because  the  systems  based  on  the 
amine-epoxy  resin  systems  were  elaborated  upon  in  a  previous  publication  (i), 
this  paper  will  be  limited  to  discussing  the.  pr-g-sss  made  with  rystems  based 
on  the  polyu^thanes. 

Investigation  of  this  concept  started  with  a  small  internal  program.  The 
overall  effort  of  this  program  was  directed  at  establishing  the  general  feas¬ 
ibility  of  the  proposed  concept.  Because  of  the  favorable  results  obtained, 
the  research  effort  was  enlarged  under  a  contract  with  the  Wyandotte  Chemicals 
Corporation.  Under  these  programs  systems  yielding  1  ighly  rigid  structures 
were  concentrated  on  because  of  their  broad  potential  utility.  Rigidization 
mechanisms  and  synthesis  of  new  impregnants  were  emphasized  rather  then  the 
performance  of  reinforcing  fabrics  in  relation  to  the  rigidizable  impregnants 
or  the  effects  of  structures  of  various  geometries. 

The  principal  polyurethane  resin  intermediates  evaluated  were  derived 
from  the  polyoxypropylene  polyols  shown  in  Figure  1.  Aside  from  the  differences 
in  functionality  the  polyols  used  to  prepare  the  prepolymers  varied  in  molecular 
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weight.  The  isocyanate  terminated  prepolymers  were  obtained  by  reacting  2NC0 
equivalent  weights  of  2,4  toluene  diisocyanate  with  an  OH  equivalent  weight  of 
the  various  polyols.  This  is  an  addition  reaction  and  is  schematically  shown 
in  Figure  2. 

The  basic  reason  for  selecting  the  polyurethanes  as  candidate  impregnants 
was  their  known  reactivity  with  compounds  containing  active  hydrogen.  However, 
as  the  concept  required  gaseous  curing  agents  the  ohoioe  of  compounds  was  auto¬ 
matically  limited  to  water  and  the  more  volatile  amines.  As  shown  in  Figcre  3 
both  types  of  curing  agent3  lead  to  urea  linkages.  Actually  the  reaction  with 
water  is  a  two  step  process  in  which  CO2  is  generated.  In  the  fir3t  3tep  of 
this  reaction  a  substituted  carbamic  acid  forms.  Tiii3  acid  terminated  polymer, 
in  turn,  reacts  with  another  isocyana'e  (NCC)  group  to  form  the  urea  linkage 
with  CC>2  being  liberated  in  the  process.  As  the  urea  and  urethane  linkages 
also  contain  active  hydrogens,  these  groups  under  certain  conditions  will 
react  with  NCQ  units  forming  (as  shown  in  Figure  4)  biuret  and  allophanate 
crosslinks.  These  1 inkngcs,  however,  are  not  as  strong  a3  the  urea  or 
urettiane  type  links. 


VOLATILE  AMINES  VERSUS  MOISTURE 


Semi-quantitative  experiments  performed  early  in  the  program  ha3  shown 
the  amines  to  be  unsuitable  volatile  curing  agents  for  cross! inking  isocyanate 
terminated  nolyurethane  impregnant3.  The  reaction  rate  with  amines  was  too 
fast.  With  the  amines  thin  films  of  gelled  resin  quickly  formed  on  the  sur¬ 
face  which  greatly  Inhibited  the  diffusion  process,  consequently  the  depths 
of  cure  obtaired  after  weeks  of  exposure  were  very  shallow. 

Moisture  proved  to  be  a  very  effective  curing  agent  for  this  type  of 
impregnant.  Since  the  reaction  rate  with  water  is  comparatively  slow,  time 
is  allowed  for  the  absorption  and  diffusion  processes  to  occur  before  gelation 
occurs.  As  a  result  samples  of  various  polyurethane  prepolymers  have  been 
observed  to  cure  to  a  depth  of  as  much  as  a  half  an  inch. 


LAMINATES  RIG1D1ZED  WITH  BASIC  POLYURETHANE  PREPOLXHERS 


Impressed  by  the  isocyanate  terminated  prepolymers*  susceptibility  to  the 
moisture  cure,  fibrous  reinforced  resin  impregnants  were  prepared  to  obtain 
basic  information  regarding  the  relative  cure  rates  and  rigidizing  effects  of 
representative  members  of  this  family  of  impregnants.  The  solvent  modified 
impregnant  utilized  in  the  investigation  are  described  in  Table  1.  The 
solvent  was  added  to  render  them  easier  to  handle.  Two  plies  of  glass  fabric, 
style  181  were  U3ed  os  reinforcement  for  the  impregnant.  Room  temperature 
cures  were  attempted  at  50  percent  relative  humidity.  Only  one  face  of  the 
laminate  was  exposed  to  the  environment.  The  other  surface  was  shielded  with 
a  moisture  impermeable  material.  To  determine  the  relative  rates  of  cure  the 
flexural  properties  of  the  laminates  were  periodically  measured  in  accordance 
with  ASH!  Procedure  D790-58T. 
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TABLE  1.  Composition  of  Basio  Polyurethane  Impregnants 


Pre  polymer 

TDI  Adduct  of  a  1000  Mol.  Wt.  Diol 

TDI  Adduct  of  a  7CO  Mol.  Wt.  Triol 

TDI  Adduct  of  a  400  Mol.  Wt.  Triol 

TDI  Adduct  of  a  400  Mol.  Wt.  Tetrol 


Equivalent 

Weight/NCO 

i 

Solids 

Solvent 

674 

90 

Toluene 

407 

90 

Toluene 

306 

80 

50/50 

Toluene/MEK 

274 

80 

50/50 

Toluene/MEK 

The  r'gidizod  strength  and  the  rate  of  cure  of  the  impregnants  increased, 
in  general,  with  decrease  in  NC0  equivalent  weight  and  increase  in  function¬ 
ality  (••<  'able  2).  The  difunetional  high  molecular  weight  inpregnant  yielded 
a  flexible  cured  laminate.  Resin3  with  a  functionality  greater  than  two 
yielded  re  at ively  rigid  laminates.  These  systems,  as  the  fluctuations  in 
flexural  !  ita  indicnte,  were  lacking  in  structural  integrity  due  to  foaming  of 
tlie  L"prornnnts  by  ti.»  CO2  liberated  in  the  curing  reaction. 


TABl£  2.  Flexural  Properties  of  laminates  Impregnated 
with  Urethane  Pro  polymers 


Curing 

Flexural 

Modulus  of 

Pre 

tioLy.ier 

Time, 

Strength, 

Elasticity, 

Bass.. 

-  sal _ 

caiiiol 

TDI 

*.d  !  it  of 

a  1000  M-l.  Wt.  Diol 

4 

_ 

7 

- 

- 

10 

480 

- 

14 

740 

- 

ID] 

Addict  of 

a  700  Mol.  Wt.  Triol 

4 

370 

7 

390 

- 

10 

1010 

- 

14 

3590 

1.36 

TDI 

Adduct  of 

a  400  Mol.  Wt.  Triol 

4 

•  AW 

2.82 

7 

2190 

0.36 

10 

9190 

3.99 

14 

4600 

2.22 

TDI 

Adduct  of 

a  400  Mol.  Wt.  letroi 

4 

10100 

4.23 

7 

11350 

5.77 

10 

8250 

3.92 

14 

9030 

4.18 
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LAMINATES  RIGIDIZED  WITH  IMPREGNAHT  BLENDS 


Observing  thnt  the  difunetional  high  molecular  weight  impregnant  had  not 
foamed,  blend3  of  various  polyfunotional  irupregnants  were  prepared  and  evalu¬ 
ated  in  an  attempt  to  obtain  nonfoaming  systems,  A  rather  large  number  of 
blends  were  evaluated  before  systems  were  four  in  which  the  rate  of  the 
inward  diffusion  of  moisture  and  the  outward  diifusion  of  CO2  were  balanced  to 
yield  nonfosiaed  products.  The  composition  of  these  nonfoaming  impregnant 
blends  are  identified  in  Table  3. 


TABLE  3.  Composition  of  Impregnant  Blends 

Mole  NCO  Content, 


Prc; 

x)X.y***c  r* 

Blends 

Ratio 

Wt.  St 

A 

NCO 

Adduct 

of 

700 

Mol. 

Wt.  Dio!/ 

1/ 

NCO 

Adduct 

of 

400 

Mol. 

Wt.  Triol 

k 

11.6 

B 

NCO 

Adduct 

of 

Mol. 

Wt.  Diol/ 

1/ 

NCO 

Adduct 

of 

fcoo 

Mol. 

Wt.  Tetro! 

/I 

10.7 

C 

NCO 

Adduct 

of 

700 

Mol. 

Wt.  Diol/ 

1/ 

NCO 

Adduct 

of 

700 

Mol. 

Wt.  Triol 

/2 

9.6 

D 

NCO 

Adduct 

of 

700 

Mol. 

Wt.  Diol/ 

1/ 

N'CC 

Adduct 

of 

n»  "v\ 
t 

Mol. 

Wt.  Triol 

;/l 

9.3 

Data  obtained  on  standard  two  ply  laminates  impregnated  with  these  systems 
are  presented  La  Figure  5.  While  it  was  not  absolutely  necessary  these  pre- 
polymer  blends  were  diluted  to  SO  percent  solids  to  render  them  easier  to  handle 
using  dried  toluene  as  the  solvent. 

The  properties  of  these  laminates  wer <  far  superior  to  those  of  the  pre¬ 
vious  laminates  impregnated  with  the  systems  which  foamed.  Laminates  impreg¬ 
nated  with  the  blends  attained  optimum  cured  strength  within  approximately  7 
days.  The  reactive  cure  rate  and  the  ultimate  state  of  rigidity  attained 
increased  as  the  f.'CO/equivalent.  weight  percent  of  the  blends  increased.  The 
most  effective  blend  yielded  a  laminate  which  attained  approximately  50  percent 
of  the  strength  of  laminates  conventionally  prepared  utilizing  the  best  of  lam¬ 
inating  plastics  available  today. 


CATALYZED  URETHANE  IMPREGNANT  BLEND 


While  the  rates  of  rigidization  of  the  above  systems  would  be  satisfactory 
under  many  circumstances,  consideration  of  failures  in  a  apace  environment 
resulting  from  early  micrometeoroid  punctur-  s,  prompted  the  evaluation  of  system? 


FIG.  5  FLEXURAL  PROPERTIES  OF  LAMINATES 

IMPREGNATED  WITH  URETHANE 
PREPOLYMER  BLENDS 


modified  with  compounds,  which  experience  has  indicated  catalyze  the  HgO 
urethane  reaction. 

The  fastest  curing  prepolymer  blend  wiiioh  yielded  the  most  rigid  laminate 
was  utilized  in  the  evaluation  of  the  selsoted  catalyst  compounds.  The  com¬ 
pounds  evaluated  were:  2,2,2,-diazabicyclowotane,  dibutyltin  dilaurate  and 
1,2,4-trimethylplperazine.  Flexural  property  data  obtained  on  laminates 
impregnated  with  samples  of  this  pre polymer  blend  containing  0.5  percent  by 
weight  of  the  candidate  compounds  are  shown  in  Figure  6. 

All  three  compounds  accelerated  the  rigidization  reaction.  Of  the  com¬ 
pounds  evaluated,  although  not  the  most  effective,  trimethylpiperazine  was  the 
preferred  catalyzing  agent.  Dibutyltin  dilaurute  catalyzed  systems,  the 
results  from  other  work  has  shown,  yield  cured  products  which  are,  relatively 
speaking,  thermally  unstable.  While  diazabicyclooctane  was  the  most  effective 
catalyst,  ss  will  be  evident  later,  the  system  containing  this  modifier  had  a 
comparatively  short  pot  life. 

laminates  impregnated  with  the  catalyzed  systems  attained  the  greatest 
portion  of  thtlr  cured  strength  within  approximately  24  hours.  As  the  flexural 
data  show,  the  ultimate  degree  of  rigidity  attained  by  laminates  impregnated 
with  tha  oatlayzed  systems  was  somewhat  lower  than  that  attained  using  the 
uncatalyzed  resin  blend  as  the  impregnant.  The  comparatively  low  strength  of 
the  catalyzed  systems  is  attributed  to  catalyst  induced  secondary  chemical 
reactions  which  result  In  the  formation  of  the  relatively  weak  biuret  and 
allophanate  type  linkages. 


MOISTURE  PERMEABLE  CANDIDATE  INKER  LINERS 


With  the  attainment  of  promising  moisture  curable  impregnantc,  experiments 
were  initiated  to  find  suitable  inner  barrier  materials.  So  a3  not  to  delay 
the  rigidization  process  it  i3  essential  that  this  structural  component  be 
highly  permeable  to  the  vapor  curing  agent.  As  mentioned  earlier,  it  is 
employed  primarily  to  keep  the  tacky  inner  wall  surface  of  the  resin  impreg¬ 
nated  segment  of  the  structure  from  touching  and  adhering  in  the  packaged 
3tate.  By  transmitting  the  pressure  exerted  by  the  inflating  agent  it  also 
forces  the  plies  of  the  structure  together  on  inflation. 

The  relative  permeabilities  of  the  selected  candidate  materials  are  given 
in  Table  4.  These  measurements  were  made  at  room  temperature  using  the  wet 
cup  method.  Polyethylene  oxide  film  was  by  far  the  moat  permeable  to  moisture. 
Theoretically  this  material  is  more  than  adequate  for  this  use.  Assuming  that 
a  structure  contains  2  ounces  of  the  most  promising  candidate  impregnant  per 
unit  area,  the  stoicheonetric  amount  of  moisture  required  for  complete  reaction 
would  penetrate  the  polyethylene  oxide  barrier  film  in  less  than  an  hour. 
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CURING  TIME  (DAYS) 


FIG. 6  FLEXURAL  PROPERTIES  OF  LAMINATES 
IMPREGNATED  WITH  A  CATALYZED 
URETHANE  PREPOLYMER 
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TABLE  4.  Moisture  Permeability  of  Candidate  Inner  Barrier  Materials 


Inner  Barrier  Materials  Permeability* 


Polyethylene  Oxide  Film  15.07 
Cellulose  Aoetate  Film  4.98 
Methoeel  Film  4.66 
Ethyl  Cellulose  Film  1.33 
Polyethylene  Oxide  Coated  Nylon  Fabric  7.36 


*  gm/hr/ft^/mil  thickness 


STABILITY  OF  IMPREGNAUTS  IN  STORAGE 


From  the  beginning  of  the  various  experiments  samples  of  the  candidate 
iapregnant3  were  packaged  in  glass  containers  and  stored  under  anhydrous 
conditions  so  that  their  relative  stabilities  could  be  examined  over  a  sub¬ 
stantially  long  period. 

Some  of  the  more  promising  systems  were  stored  '‘or  periods  as  much  as  six 
months.  On  the  basis  of  viscosity  measurements,  the  uncatalyzed  prepolymeric 
blends  are  stable  for  periods  in  excess  of  six  months.  Storage  stability  of 
the  catalyzed  systems  are  shown  in  Table  5.  The  systems  catalyzed  with  1,2,4- 
t rime thyl pipe ra zine  and  dibutyltin  dilaurate  proves  to  be  adequately  stable. 
These  systems  changed  very  little  in  viscosity  during  the  five  month  storage 
period. 


TABLE  5.  Effects  of  Catalyst  on  the  Stability 
of  a  Urethane  Prepolymer  Blend 


Catalyst 


Gel  Time  (75°F) 


Lead  Naphthenate  2  hours 

2,2,2,-DIazabicyclooctane  7  days 

Stannous  Octoate  6  day3 

1,2, 4-Trimethylpipera zine  5  months 

bibutyltin  Dilaurate  5  months 


BARRIER  SHIEIDED  RIGIDI ZABLE  ASSEMBLIES 


Additional  data  regarding  the  performance  of  tne  candidate  inner  barriers 
were  obtained  by  using  polyethylene  oxide  and  methocel  films  as  shields  for  two 
ply  glass  fabric  laminates  impregnated  with  the  most  effective  catalyzed  and 
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Inner  Kiddlr  wjcer 

Barrier  Barrier  Barrier 


uncatalyzed  pro polymer  systems.  The  laminates  prepared  were  conditioned  and 
evaluated  in  the  manner  previously  described. 

The  barrier  f ilm3  prolonged  the  cure  of  the  uncatalyzed  iopregnant  2  to  3 
days.  The  curt  rate  of  the  catalyzed  iapregnant  wa3  slightly  enhanced  by  the 
shielding  r-ateriala.  As  shown  in  Figuri  s  7  and  $  the  ultimate  flexural  proper¬ 
ties  of  the  shielded  Vinlnstes  were  someuhat  better  than  those  of  the  unshielded 
control  sn"ule.  Eased  on  the  overall  results  either  of  these  materials  would 
be  satisfactory  for  use  as  an  inner  barrier  for  expandable  structures  impreg¬ 
nated  with  moisture  curable  polyurethane  impregnants,  especially  in  conjunction 
with  the  catalyzed  systems. 


HI  UDiZATlOK  IN  A  SIMULATED  SPACE  ENVIRONMENT 


To  obtain  more  re  listic  information  regarding  the  performance  of  this 
type  of  rigidizing  agent,  a  three  foot  diameter  spherical  shaped  model  struc¬ 
ture  was  assembled  and  subjected  to  rigidize  under  simulated  vacuum  conditions 
at  room  temperature.  The  components  of  this  structure  are  shown  In  Figure  9. 
Polyethylene  oxide  fi’m  war.  used  as  the  permeable  inner  liner.  A  single  ply 
of  glass  fabric,  style  134,  wa3  utilized  as  reinforcement  for  the  impregnant 
and  a  Hypalon  coated  nylon  fabric  served  as  the  impermeable  cover  for  the 
structure,  A  prepolymer  blend  (blend  A,  Table  3)  catalyzed  with  a  0.5  percent 
by  weight  of  2, 4, 6-trimethyl  piperazine  was  utilized  as  the  rigidizable  lmpreg- 
nant.  The  sleeve-like  opening  of  the  assembled  structure  was  sealed  with  the 
plug  fitted  with  the  inlet  valve  shown  in  the  photograph.  It  was  held  in 
position  by  the  adjustable  ring  clamp. 

The  structure  and  the  altitude  chamber  were  simultaneously  exhausted  of 
air  to  pressures  respectively  of  2.6  and  10  mm  of  Hg.  Water  vapor  was  then 
introduced  to  completely  inflate  the  structure.  The  ultimate  pressure  attained 
was  44  mm  of  Hg.  These  conditions  were  maintained  essentially  throughout  the 
experiment  by  adding  moisture  saturated  air  to  compensate  for  losses  due  to  a 
slight  leak  in  the  structure. 

Upon  removal  after  a  16  hour  exposure  period  the  structure  Figure  10  was 
very  rigid,  which  proves  the  suitability  of  this  type  of  rigidizing  system  and 
the  practicality  of  the  overall  concept. 


FUTURE  EXPERIMENTAL  WORK. 


Investigations  into  the  rigidization  process  involving  the  moisture  curable 
urethane  iapregnant3  Is  being  continued.  Experiments  are  currently  being  con¬ 
ducted  to  determine  the  effect  of  temperature  on  the  rate  of  rigidizaiion  and 
the  strength  of  fibrous  reinforced  structural  assemblies.  Techniques  for  pre¬ 
paring  one  component  rigidizable  structural  assemblies  utilizing  an  integrally 
woven  honeycomb  fabric  coated  on  both  sides  with  a  flexible  impermeable  polymer 
are  being  investigated.  The  honeycomb  type  of  construction  has  the  advantage, 
of  course,  of  high  compression  resistance. 
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FIG.  10  RIDIGIZED  STRUCTURE 
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EXPANDABLE  LUNAR  SHELTER  CONCEPTS 


A  Collaborative  Design  Research  Project  by  the  Department  of  Architecture 
and  the  Department  of  Industrial  Design  of  the  College  of  Design, 
Architecture,  and  Art  of  the  University  of  Cincinnati  with  the  cooperation 
and  assistance  of  the  Flight  Accessories  Laboratory,  A.S.D.,  U.S.A.F. 

Karl  M.  Merkel,  Professor  of  Architecture 

James  M.  Alexanoer,  Professor  of  industrial  Design 

University  of  Cincinnati,  Cincinnati  21,  Ohio 


Personnel  of  the  Flight  Accessories  Laboratory,  A.S.D. ,  U.S.A.F., 
met  with  officials  and  faculty  of  the  College  of  Design,  Architecture,  and 
Art  of  the  University  of  Cincinnati  in  1962  to  determine  the  feasibility 
of  an  unfunded  student  design  study  of  lunar  shelters. 

The  college  recognized  the  educational  advantages  offered  by  the 
project  and  decided  to  use  it  as  a  learning  device  to  stimulate  the 
creative  efforts  of  the  students.  It  presented  an  opportunity  to  familia¬ 
rize  the  students  with  some  of  rh-  problems  the  space  scientists  and 
engineers  are  facing  and  to  encourage  them  toward  research  and  applications 
of  architectural  knowledge  in  the  space  program.  The  broad  aim  of  education, 
for  both  architectural  and  industrial  design  students  is  to  supply  the 
training,  through  the  arts  and  sciences,  so  they  may  design  satisfying 
physical,  psychological,  and  cultural  environments  and  facilities  for  human 
existence.  To  help  achieve  this  aim,  the  student  is  exposed  (1)  to  studies 
concerning  knowledge  of  structures,  materials,  and  mechanisms;  (2)  to 
studies  of  the  physical  and  psychological  effects  of  spaces,  shapes,  textures, 
colors,  climate  and  environment,  etc,;  (3)  to  experiences  which  help  develop 
imaginative,  creative,  and  intuitive  design  abilities;'  (4)  to  a  liberal 
education  in  the  Humanities  and  citizenship;  and  (5)  to  situations  and 
experiences  which  require  his  understanding  of  and  ability  to  organize  the 
inter-relationship  of  the  preceding  studio1 . 

The  students  exposed  to  this  design  study  of  lunar  Shelters  were 
twenty-nine  fourth  year  architectural  and  twenty-four  third  and  fourth  year 
industrial  design  students,  all  enrolled  in  co-operative  courses  at  the 
college.  The  fifty-three  students  were  grouped  in  thirteen  teams,  and  were 
assigned  the  Program*  which  was  developed  by  the  Flight  Accessories 
laboratory,  Aercmedical  Laboratory,  and  Flight  Dynamics  Laboratory. 

The  program  stated  the  purpose  of  the  project  was  to  study  methods  of 
providing  shelter  for  the  personnel,  material,  and  supplies  for  a  manned 
lunar  base.  The  shelter  was  to  accommndr  \  crew  of  nine  men  with  all 
necessary  equipment  and  provisions  for  a  t. ,  ,ty  day  exploratory  period  on 
the  moon. 


In  order  to  provide  as  much  time  as  possible  for  actual  shelter  design 
research,  the  program  described  certain  developments  and  technical  requirements 
that  the  students  had  to  meet  and  certain  assumptions  to  use  as  criteria.  Also 
the  following  five  suggested  materials  and/or  structural  techniques  were  offered 
for  the  students  to  investigate  and  perhaps  to  use  or  to  propose  further 
developments: 

1)  Prefabricated  modular  units,  particularly  those  of  cylindrical 
form  that  might  be  cooq>atable  with  the  rocket  shape. 

Investigation  of  and  suggestions  for  the  erection  or  assembly 
of  these  units  under  lunar  environment  were  required  of  the 
students. 

2)  Goodyear  Aircraft  Company's  "Airmat"  inflatable  double-walled 
baloons  that  would  be  lightweight  and  easily  erected 
Proposals  were  required  for  eliminating  the  possibility  of 
structural  failures  due  to  punctures. 

3}  Polyurethane  foamed-in-place  structures  with  proposals  for 
keeping  the  volume  and  weight  of  the  material  to  a  minimum. 

4)  Expandable  honeycombed  structures  with  proposals  ft  r  keeping 
the  weight  and  erection  techniques  to  a  minimum. 

5)  Unfurlable  or  telescoping  units  with  proposals  for  keeping 
the  weight  and  erection  mechanics  and  techniques  to  a  minimum. 

In  order  to  familiarize  the  students  with  some  of  the  techniques, 
equipment,  and  other  technical  information,  the  Plight  Accessories  Laboratory 
personnel  visited  the  college  several  times  for  conferences,  provided 
literature,  and  arranged  meetings  for  the  students  to  consult  with  personnel 
of  other  space  program  agencies  and  laboratories.  Further  research  by  the 
students  was  done  at  the  University  Observatory  and  Department  of  Astronomy, 
and  other  colleges  on  the  campus. 

The  design  study  was  scheduled  for  a  seven  week  Co-operative  school  term. 
The  time  allotted  for  the  study  was  relatively  short  but  the  good  results 
indicated  that  architects  and  industrial  designers  would  be  capable  of  making 
tremendous  contributions  toward  the  planning  and  designing  necessary  to 
satisfy  the  physical,  psychological,  and  cultural  environments  and  fac¬ 
ilities  for  human  existence  under  almost  any  set  of  conditions. 

At  the  end  of  the  seven  week  period  the  students  presented  their  team 
solutions  in  ths  form  of  drawings,  models,  photographs,  and  color  slides, 
together  with  a  paper  describing  the  design  concept  philosophy,  the 
packaging  and  erection  techniques,  the  materials  and  structures,  the 
environmental  protection,  the  interior  planning  and  furnishings,  the 
integrition  of  equipment,  and  other  statistical  data.  Figures  5  through 
31  of  the  Appendix  together  with  accompanying  comments  illustrate  and 
describe  four  of  the  thirteen  solutions  submitted. 

The  program  requirements  calleu  for  the  packaged  shelter,  provisions 
and  equipment  to  fit  into  a  cylinder  shape  not  to  exceed  fourteen  feet  in 
diameter  by  thirty-five  feet  in  length  (5390  cu.  ft.)  and  that  the  weight 
of  these  items  would  not  exceed  twenty-five  thousand  pounds.  The  crew 
would  arrive  along  with  a  lunar  traversing  vehicle  in  separate  rockets. 

The  volume  and  weight  limitations  were  used  to  the  maximum  and  the  pack¬ 
aged  units  had  practically  no  voids.  Three  of  the  thirteen  solutions  were 
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able  to  develop  over  twelve  hundred  square  feet  of  sheltered  area  fron  this 
package.  One  solution  proposed  under  six  hundred  square  feet  as  being 
sufficient  for  the  needs.  The  greatest  volume  of  sheltered  space  was  over 
eleven  thousand  cubic  feet.  The  average  proposed  was  about  nine  hundred 
square  feet,  and  the  average  volume  of  the  shelter  was  about  eight  thousand 
cubic  feet. 

The  biggest  ratio  of  packaged  volume  to  expanded  volume  was  1  to  2, 
with  an  average  of  about  1  to  1-1/2.  As  this  ratio  increased,  the  need 
for  more  air  and  more  equipment  increased,  thus  reducing  the  amount  of 
space  in  the  carrier  for  the  packaged  shelter  materials.  As  the  ratio 
decreased,  the  volume  assigned  to  the  packaged  shelter  could  be  increased. 

A  balance  of  space  required  for  the  packaged  equipment  and  supplies  and 
the  space  required  for  the  packaged  shelter  materials  had  to  be  determined 
to  permit  the  desired  area  and  volume  for  the  crew.  The  average  area 
per  man  was  one  hundred  square  feet,  and  the  average  volume  per  man  was 
nine  hundred  cubic  feet,  including  the  space  for  equipment  and  supplies. 

The  open  space  for  human  use  averaged  better  than  60%  of  the  total  shelter. 
This  perhaps  might  be  termed  luxurious  when  considering  the  requirement  for 
providing  a  totally  controlled  atmospheric  environment,  however  physical 
and  psychological  needs  for  the  nine  men  involved  in  this  long  a  stay  in 
such  a  possibly  nerve-shattering  situation  require  more  than  bare  minimum 
space  and  facilities. 

Eight  of  the  solutions  developed  the  tost  obvious  approach  of  using  the 
rocket  cylinder  itself  as  the  shelter.  The  assigned  cylinder  size  was 
considered  by  most  teams  to  be  not  adequate  in  volume  or  area  to  accommodate 
the  equipment  plus  the  crew,  therefore  some  alterations  of  the  cylinder  would 
be  necessary  upon  arrival  on  the  moon.  Variations  of  the  cylinder  shelter 
included  methods  of  expanding  the  cylinder  by  telescoping  the  ends  (figure  1), 
projecting  elements  from  the  sides  of  the  cylinder  (figure  2),  splitting  the 
cylinder  longitudinally  and  expanding  the  halves  (figure  3),  and  dividing 
the  cylinder  transversely  into  horizontal  units  and  connecting  the  units  with 
tunnels  (figure  4). 


One  major  problem  that  evoked  several  ingenious  solutions  ior  the 
designs  using  the  cylinder  on  '.ts  side  was  that  of  manoeuvering  the  cylinder 
from  its  vertical  landing  position  to  a  horizontal  position  to  eliminate  the 
use  of  inside  ladders  for  circulation  of  the  crew.  This  was  accomplished  by 
using  cranes  or  hoists  incorporated  in  the  cylinder  or  by  using  the  lunar 
traversing  vehicle  as  a  manipulator.  A  few  suggestions  for  operation  of 
lifts  or  elevators,  as  well  as  for  erection  of  some  inflatable  structures, 
considered  th-  differential  of  internal  and  external  air  pressures  as  a  means 
of  providing  power. 
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Methods  of  protecting  the  structure  and  occupants  from  radiation,  injury, 
or  damage  varied  from  burying  the  entire  structure  to  using  above-surface 
units  with  "storm  cellars"  or  to  using  stockaded  and  umbrella  shielded 
devices  around  and  over  the  shelter  units. 

Several  solutions  involved  unfurlable  or  inflated  and  foamed-in-place 
structures  separated  from  the  rocket  cylinder.  Most  of  the  solutions  made 
use  of  combinations  of  two  or  more  of  the  various  currently  marketed  or 
researched  materials  or  ideas,  applying  them  where  they  fit  specific  needs 
best.  The  university  and  the  students  were  not  obligated  nor  influenced  to 
use  any  particular  makes  of  materials  or  structures,  therefore  they  were  in 
a  position  to  make  unbiased  evaluations  of  the  adaptability  of  available 
materials  for  specific  applications.  This  led  to  a  good  variety  of  solutions 
and  to  flexibility  in  combining  materials  and  techniques.  Although  some  of 
the  solutions  had  certain  similarities  (mainly  due  to  the  use  of  similar  mat¬ 
erials  or  structural  theories  previously  mentioned)  they  were  all  distinctly 
different  approaches  to  the  problem,  particularly  in  the  arrangements  or 
relationships  of  the  interior  spaces  and  in  the  equipment  and  furnishings. 

Among  the  factors  determining  the  solutions  were  several  that  most  teams 
considered  very  important  although  they  were  not  set  forth  as  requirements. 
These  included; 

1)  The  structure  must  arrive  on  the  moon  in  as  nearly  complete  a 
stage  as  possible  and  that  any  erection  techniques  necessary 
should  be  simple  and  automatic  or  remotely  controlled  using  a 
minimum  of  moving  parts. 

i)  During  transit  any  equipment  in  the  shelter  should  be  in  its 
final  or  almost  final  position  foT  use  upon  arrival  on  the  moon 
and  that  it  should  be  arranged  in  the  package  or  carrier  cylinder 
to  achieve  balance  of  weights  to  not  cause  the  rocket  in  flight 
to  roll  or  topple. 

3)  The  package  or  carrier  cylinder  should  be  so  arranged  that  when 
equipment  must  be  relocated  for  use  on  arrival  and  erection,  the 
resulting  void  becomes  working-living  space  for  the  crew. 

4)  The  energy  or  power  supply  should  be  located  in  such  positions  as 
to  become  immediately  active  and  available  on  arrival  for  use  in 
erection  of  the  shelter. 

5)  Exhaustable  items  (i.e.  food,  air,  water,  clothing,  etc.)  should 
be  stored  or  located  as  to  be  easily  removed  and  replaced  if  the 
shelter  were  to  be  used  by  subsequent  crews  or  for  prolonged  stays. 

6)  The  shelter  should  be  equipped  with  emergency  exit  devices  for 
evacuation  of  the  crew  in  case  of  damage  to  the  shelter. 

7)  Monotony,  homesickness,  lethargy,  etc.,  should  be  avoided  or 
counteracted  by  use  of  both  familiar  and  unfamiliar  interior 
space  shapes  and  sizes,  and  by  judicious  use  of  color  and  textures 
of  materials,  furniture  and  equipment  inside  the  shelter. 

6)  Arrangement  of  interior  spaces  should  primarily  provide  for 
efficient  work  operations  but  should  be  so  designed  as  to 
permit  the  crewmen  to  vary  their  immediate  environment  and 
activities. 

One  of  the  most  conspicuous  notes  about  all  the  projects  was  the  concern 
for  the  human  being  in  terms  of  some  of  the  indefinable  qualities  of 
aesthetics  and  of  experiencing  the  psychological  as  well  as  physical  aspects 
of  his  surroundings.  These  particular  concerns  may  well  be  the  ones  where  the 
architect  and  industrial  designer  may  be  best  qualified  to  contribute  toward 
the  space  conquest. 
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The  variety  of  solutions  presented  in  the  study  seems  to  indicate  that 
persons  trained  in  the  "design  fields"  are  capable  of  producing  fresh 
approaches  and  "ideas"  to  the  already  established  facts  that  lunar  shelters 
arc  *  technical  feasibility.  The  solutions  in  the  study  are  definitely  only 
"concepts"  based  on  scanty  knowledge  of  the  moon's  environmental  conditions 
on  the  use  of  raterials  and  structural  systems  that  must  still  be  tested 
under  such  conditions  or  perhaps  must  stili  be  invented.  Since  the  time 
period  for  investigation  is  short,  if  1970  is  the  date  set  for  establishing 
a  lunar  base,  lunar  Shelter  "Concepts"  or  "ideas"  must  be  proposed,  investi¬ 
gated,  and  developed  directly  and  in  haste,  considering  proposals  from  every 
possible  source. 

The  thirteen  solutions  have  been  collected,  edited,  and  published  by 
tne  Might  Accessories  Laboratory  in  a  volume  entitled  "lunar  Shelter 
Concepts",  and  are  submitted  as  ideas  which  might  be  engineered  and  developed 
into  practical,  workable  products. 
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FIGURE  5 


Designers:'  Solution  of  Teas  *2 

0.  Malone,  Arch.' 64 
J.  Spinnenweber,  Arch.  *64 
H.  Tischer,  Ind.  Des.  *63 
D.  Moehrmg,  Ind.  Des.  '64 

DESIGN  PHILOSOPHY 

The  concept  of  this  teas  is  based  on  four  basic 
factors;  first,  the  structure  should  arrive  on  the 
soon  in  as  fully  a  completed  stage  as  possible; 
second,  whatever  erection  techniques  required  on 
the  lunar  surface  should  be  as  simple  as  possible; 
third,  the  shelter  as  an  entity  should  function  as 
a  precision  sachine  with  a  sinisus  of  human 
attendance;  fourth,  the  structural  capabilities  of 
the  transporting  cylinder  should  be  utilized  to  their 
fullest. 

Therefore,  this  concept  involves  a  basically  completed 
shelter  before  it  actually  lands  on  the  moon.  The 
mechanics  of  transforming  the  cylinder  into  working 
and  living  space  are  simple  and  can  be  acco^>lished 
in  a  "shirt-aleeve"  environment. 
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OLUTION  OF  TEAM  #8 


Designers: 

L,  Fabbro,  Ind.  Des.  '64 

R.  Kre inbrink,  Arch.  '64 

J.  Madzula,  Arch.  '£>4 

P.  Thornton,  Ind.  Des.  *64 

PACKAGE  AND  ERECTION  TECHNIQUES 

In  the  packaged  state  each  unit  is  supported  spearateiy.  This  enables  the 
ship  to  control  tie  position  of  its  payload;  also  it  insures  that  no  one  unit 
supports  any  more  than  its  own  weight  under  acceleration. 

The  method  of  packaging  the  ship  consists  of  sliding  each  unit  down  vertical 
tracks  to  a  position  where  it  will  be  locked  automatical) y  and  be  supported 
individually.  Upon  the  completion  of  packing,  the  nose  cone  is  set  in  place. 

The  unpacking  process  is  the  reverse  by  use  of  the  traversing  vehicle. 

Erection  of  the  units  shall  take  place  near  the  perimeter  of  a  small  crater. 
The  site  shall  be  graded  level  by  the  vehicle  and  the  air  lift  hole  shall  be 
excavated  by  the  vehicle  before  the  sir  lock  unit  is  'positioned.  The  first  unit 
to  be  positioned  is  the  air  lock  unit  with  the  mechanical  and  unit  connectors 
hinged  at  its  base.  When  removed  from  the  ship,  the  units  shall  automatically 
expand  vertically  and  lock  into  position.  The  remaining  four  units  are 
positioned  and  connected  to  the  air  lock  and  each  other  by  the  mechanical  and 
unit  connectors.  The  air  lock  is  the  iirst  unit  to  be  expanded  horizontally. 
This  enab’es  the  re-oval  of  the  expandable  solar  collector,  generator,  and 
white  and  black  bou.js,  for  their  erection.  The  prime  interest  is  the  operation 
of  the  mechanical  equipment  for  the  function  of  all  units  before  their  final 
expansion. 

Inflation  of  the  air  mat  structure  follows  the  operation  of  mechanical 
equipment.  This  enables  correct  alignment  and  check  for  air  leaks  in  all  units. 
The  air  mat  and  rigid  panels  are  then  rigidized  from  within  by  actuation  of 
pellets  of  expandable  foam. 

Upon  rigid izing  of  all  units,  a  structure  of  stabilized  lunar  material  shall 
be  poured  over  entire  complex  by  the  traversing  vehicle.  The  vehicle  shall  be 
capable  of  stabilizing  the  lunar  material  with  foam  and  ejecting  this  material 
to  a  depth  sufficient  to  aid  the  support  of  the  remaining  cover  material. 

The  total  covering  shall  consist  of  approximately  2  feet  of  stabilized  lunar 
material  and  8  feet  of  existing  lunar  material. 

During  the  covering  process,  part  of  the  team  will  be  in  the  complex  placing 
floor  sections  over  the  expanded  area,  positioning  equipment,  wall  section,  and 
furniture.  This  erection  process  can  be  handled  in  stages  to  enable  work  and 
cat/sleep  cycles  to  begin. 


STRUCTURES  AND  MATERIALS 

The  main  structural  component  for  each  unit  shall  be  a  central  core  or  wall 
between  rigid  floor  and  ceiling.  Additional  structure  shall  be  provided  by  a  layer 
of  stabilized  lunar  material. 


The  structural  materials  are  broken  into  two  main  categories.  First  is 
the  rigid  material  which  is  molded  and  fabricated  of  a  high  strength,  light 
weight  material.  Second,  the  expandable  material  will  consist  of  an  integration 
of  air  mat  ar.d  expandable  foam  reactants  inside  the  air  mat. 

he  feel  that  this  combination  achieves  the  rigid  and  light  weignt  properties 
needed  in  this  structure. 
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The  package  technique 
in  the  hull  of  the  space  si 
equipment  necessary  to  sust 
packaging  feature  is  that  * 
of  38  inches  each  and  still 
thus  eliminating  the  job  of 
hut  after  expansion. 

The  first  step  toward 
nose  from  the  space  ship  ar 
the  lunar  roving  vehicle, 
huts  are  "plugged"  into  the 
solar  collector  and  drop  thi 
ship  hull,  thus  funning  thi 

The  huts  are  expanded  l 

The  space  left  beiwee" 
with  balloon-shaped  foam. 

After  everything  is  i<t 
lunar  "stockade"  is  formed  • 
radiation  and  micrometeoritc 
and  the  ceiling  line  determr 
the  stockade. 
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The  structure  in  the  in<  i  h"ts  is  :  i»t  "t-  med  >'% 

interior  air  pressure  and  then  o/  ''  t>  -t 

The  34  inch  bases  of  the  huts  are  of  a  double  wall  construction  of  the  same 
type  as  used  in  the  space  ship  hull,  while  the  upper  inflatable  membrane  is 
covered  with  micro-incapsulated  foam  reactants.  After  the  huts  ere  positioned  in 
place  and  inflated,  the  capsules  are  melted  away  and  the  foiling  action  is 
initiated. 


The  structure  in  the  ceiling  covering  of  the  stockade  is  made  of  ribs  of 
the  space  ship  hull.  At  landing  time  these  ribs  form  the  upper  iS  feet  of  the  shell 
of  the  space  ship  hull.  After  the  huts  are  in  place,  these  riba  fall  awyy  on 
hinges  at  the  lower  ends.  These  ribs  are  held  in  a  near-horirontal  position  by 
tension  rings,  and  the  voids  left  between  the  ribs  are  filled  with  balloon-shaped 
foam.  The  lower  12  foot  portion  serves  as  the  central  structural  column  for  tha 
umbrella-type  stockade  ceiling. 

Lunar  dust  is  used  as  a  protective  covering  on  the  roof  of  the  stockade  and 
by  forming  walls  around  the  lunar  shelter. 
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SOLUTION  OF  TEAM  #12 


Designers: 

H.  DeBaun,  Ind.  Des.'63 
J.  Kells,  Arch.  *64 
J.  Nyler,  Arch  '64 
R.  Yelton,  Arch.  '64 


PACKAGE  AND  ERECTION  TECHNIQUE 

The  rocket  will  be  sent  directly  from  earth  with  a  lunar  package 
thirty-five  feet  in  length  by  fourteen  feet  six  inches  in  diameter. 

The  upper  five  feet  will  house  pod  rockets  with  adjustable  legs  capable 
of  securing  the  rockets  in  the  vertical  position.  This  upper  portion 
contains  the  solar  reflector,  heat  transfer  equipment,  communications 
equipment,  and  television  cameras. 

This  tower-like  structure  will  also  act  as  a  gantry  for  lowering  the 
thirty-foot  shelter  (with  the  aid  of  the  lunar  vehicle)  into  the  appropriate 
horizontal  position  in  a  hole  produced  by  explosives  fired  from  the  descending 
rocket.  At  placement,  the  package  would  automatically  be  split  open, 
separating  into  equal  halves  ready  for  habitation.  Log-like  structures  will 
then  level  the  shelter  in  preparation  for  covering  with  lunar  substance.  All 
cables  and  lires  would  be  already  connected  to  the  gantgy,  This  whole 
procedure  would  take  a  minimum  amount  of  time  saving  the  men  for  more  useful 
research. 


STRUCTURES  AND  MATERIALS 

The  lunar  shelter  is  to  be  coipletely  prepackaged,  supplied,  and  built  an 
earth  using  the  capsule  shell  of  the  package  as  the  structural  members.  This 
shell  will  be  filament-wound  asbestos-phenoiics.  The  cylindrical  snell  will 
fuse  into  equal  halves  using  silcone  -  hydraulics  to  separate  the  sections 
nine  feet  apart,  with  solid  insulated  folding  partitions  expanding  simultaneously 
with  the  division  of  the  shells  guaranteeing  always  an  earth-type  environment 
within  the  station. 
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CLAN 


LOWER 

a.  air  storage 

b.  water  storage 

c.  living  area 

d.  recreation  storage 

e.  first  aid  equip. 

f .  study  area 

g.  food  preparation 

h.  food  storage 

i.  air  purification  redistri- 

but  ion  equipment 


level 

j .  elevator 

k .  shower 

l .  lavatory 
b.  water  closet 

n.  waste  purification 

o.  air  storage 

p.  personal  storage 

q.  bunks 

r.  sleeping  area 


it  l»«*  LEVEL  PLAN 

a.  laboratory  areas  g.  airlock 

1>.  emergency  power  h.  changing  area 

c.  elevator  i.  space  suit  storage 

J.  circulation  j.  thermal  control 

e.  communications  control  k,  tube  to  surface  expanded 

f.  exterior  equipment 
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NASA  RESEARCH  ON  EXPANDABLE  STRUCTURES 


Norman  J.,  Mayer 

Office  of  Advanced  Research  and  Technology 
NASA  Headquarters,  Washington,  D.C.- 


SUMMARY 

Expandable  structures  have  been  or  may  be  utilized  in  space 
missions  as  passive  communication  satellites,  antennas,  solar 
power  systems,  recovery  and  reentry  systems,  space  laboratories, 
lunar  bases,  and  many  items  of  equipment.  Research  in  materials 
and  structures  is  being  directed  towards  solving  the  common  prob¬ 
lems  in  these  applications  and  to  aavancing  the  technology..  Spe¬ 
cial  emphasis  should  be  given  to  non-metallic  materials  in  filaraen-  * 
tary  form.  More  research  is  needed  to  broaden  the  field  and  de¬ 
velop  the  potential  that  expandable  structures  possess. 

INTRODUCTION 

The  choice  of  methods  for  accomplishing  the  United  States  mis¬ 
sion  of  the  peaceful  exploration  of  space  includes  many  programs 
and  projects.  Most  of  the  programs  are  probing  the  unknown  fron¬ 
tiers  in  science  and  they  often  strain  the  state-of-the-art  in 
vehicle  technology  for  their  accomplishments.  The  provision  of 
feasibility  sometimes  requires  a  drastic  departure  from  traditional 
structural  approaches. 

Once  feasibility  is  attained,  the  resulting  system  or  concept 
must  be  evaluated  in  terms  of  the  reliability  and  efficiency 
needed  for  the  mission.  It  is  because  structures  of  variable  geom¬ 
etry  or  expandable  lorn  have  provided  solutions  which  satisfy  these 
three  requirements  that  the  NASA  program  includes  both  a  number  of 
applications  for  expandables  and  continuing  related  materials  and 
structures  research  programs.  In  some  cases  expandable  structures 
have  provided  the  only  practical  solution.;  In  order  to  provide 
technology  in  a  timely  manner  for  future  requirements  for  expand¬ 
able  structures,  research  programs  have  been  established  often  on 
the  basis  of  choosing  hypothetical  future  missions.-  These  establish 
a  frame  of  reference  for  applied  research  even  though  the  mission 
itself  may  never  materialize..  These  projects  also  serve  to  point 
out  items  such  as  material  developments  and  analytical  methods 
which  will  be  required  in  general  for  future  expandable  space  vehi¬ 
cles. 
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it  has  been  found  that  expandable  structures  are  chosen 
under  one  of  these  three  conditions: 

1.  When  loads  and  stresses  on  the  launch  vehicle  or  payload 
structure  can  be  reduced  significantly  during  launch  by  stowing  or 
packaging. 

2.  When  the  mission  dimensions  of  the  payload  structure  are 
large  enough  to  critically  affect  the  aerodynamics,  dynamics,  or 
stability  of  the  launch  vehicle. 

3.  When  the  structure  must  be  housed  or  stowed  but  sufficient 
volume  is  not  available  in  the  system  for  such  containment. 

Most  spacecraft  possess  some  portion  or  component  which  is 
deployed  in  space.  For  the  purposes  of  this  report,  however,  the 
category  of  expandable^  is  limited  to  those  cases  where  a  major 
portion  cf  the  structure  is  deployed  or  expanded.  This  includes 
systems  which  unfold,  extend,  unroll,  or  inflate.  Such  character¬ 
istics  dictate  use  of  materials  and  methods  which  allow  changes  in 
geometry  without  loss  of  physical  properties  necessary  to  the  re¬ 
mainder  of  the  mission. 

Structures  with  these  characteristics  fall  into  two  groups: 
those  permitt*ng  expansion  through  rigid  elements  which  telescope, 
hinge,  or  unroll,  and  tho„e  which  utilize  the  characteristics  of 
very  ductile  materials  for  expansion.  It  is  the  purpose  of  this 
paper  to  describe  NASA  research  in  expandable  structures  and  the 
interrelationship  between  research  and  applications. 

A FPL I HD  RESEARCH  ON  EXPANDABLE  STRUCTURES 

Expandable  structures  have  been  or  may  be  employed  for  the 
following  applications :  passive  communications  satellites, 
antennas,  space  power  systems,  reentry  and  recovery  systems, 
manned  orbital  laboratories,  lunar  bases,  and  various  items  of 
equipment . 

Passive  Communications  Satellites  -  Expandable  structures  have 
served  well  in  application  to  passive  communication  satellites. 

The  Echo  I,  still  in  orbit,  is  an  excellent  example  of  the  case 
»'iere  the  feasibility  of  orbiting  a  lOO-foot  diameter  sphere  would 
have  been  unattainable  except  by  use  of  a  thin-shelled  expandable 
design . 

Research  continues  in  passive  communication  systems  because 
of  their  relative  invulnerability  to  either  the  space  environment 
or  man-made  interference.  They  will  always  require  large  dimen¬ 
sions  and  therefore  may  be  expandable. 

There  are  several  critical  problems  encountered  in  building 
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and  operating  these  structure..,,  since  they  encompass  a  different 
class  of  material  form  and  reoraetry  than  that  involved  in  smaller 
compact  spacecraft.  Some  c.f  these  problems  have  been  reviewed  in 
Reference  1.  In  general  they  are  primarily  problems  of  rigidiza- 
tion  and  deployment. 

The  unique  operational  requirements  produce  structural  prob¬ 
lems  as  well  as  operational  problems.  Tn  achieving  proper  shape, 
methods  must  be  chosen  to  stiffen  the  shell.  The  combination  of 
pressurized  deployment  and  thin  films  alone  has  not  been  entirely 
satisfactory.  The  second  Echo,  the  A -12  system  shown  in  Figure  J, 
incorpoidtes  the  feature  of  a  laminated  a luminura-My lar  skin 
yielded  by  internal  pressure  to  final  spherical  shape.  Studies 
(Reference  2)  have  indicated  that  a  system  of  less  weight  than  the 
A- 12  system  is  attainable.  Aluminum  foil  in  thicknesses  approach¬ 
ing  0.1  mil  appears  to  be  practical.  Polypropylene,  a  lighter 
film,  may  be  substituted  for  Mylar.  Other  new  polymer  developments 
are  being  considered  which  could  lend  themselves  to  improved 
satellite  structures.  Lamination  of  metals  and  plastics  could  be 
avoided  by  using  an  all-plastic  film  system,  A  reliable  method 
of  rigidizing  the  film  after  deployment  must  be  developed  along 
with  the  required  RK  reflective  surface.  Recent  research  on  UV 
and  IR  activated  rigidizing  systems  points  the  way  towards  achiev¬ 
ing  this  objective.  Further  developments,  as  described  in  Refer¬ 
ence  3,  in  radiation  activated  cross-linking  in  polymers  promise 
another  possibility  for  non-metallic  systems. 

Research  on  advanced  passive  systems  have  shown  that  the  num¬ 
bers  of  satellites  required  fur  essentially  continuous  world-wide 
communications  may  be  reduced  by  an  order  of  magnitude  if  precise 
orbiting  positions  can  be  maint,  rned.  This  can  be  achieved  by 
eliminating  the  effects  of  external  perturbing  forces.  The  per¬ 
turbing  forces  are  primarily  solar  pressure  effects.  Suggested 
solutions  represent  some  interesting  structural  developments.  One 
approach  under  investigation  by  NASA  employs  an  open  metal  grid 
for  the  main  structure.  A  scale  model  is  shown  in  Figure  2.  In 
this  case,  the  entire  reflective  structure  is  formed  of  2  mil  alum¬ 
inum  wire.  The  grid  structure  is  covered  with  a  polymeric  film. 
This  forms  a  sealed  container  which  can  be  expanded  by  the  internal 
pressure  produced  by  a  subliming  substance  or  other  means.  After 
expansion,  the  film  coating  is  automatically  removed  by  the  process 
of  photolyzation,  leaving  the  open  grid  structure.  Such  stru.ture 
presents  a  much  reduced  exposed  area  for  solar  pressure  action. 

The  lenticular  shape  shown  in  Figure  2  was  selected  for  study 
on  the  basis  of  a  4-5  db  gain  in  usable  signal  strength  over  that 
attainable  by  completely  spherical  arrangements  of  similar  dimen¬ 
sions.  The  structural  arrangement  of  s.-ch  shapes  requires  that  a 
peripheral  ring  or  torus  be  added  to  provide  the  desired  reflector 
contour.  The  tripod  structure  is  also  expandable  and  supports  a 
gravity-gradient  stabilization  system. 
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Figur*  2  -  lenticular  Ccentmicfitiona  Satallit# 
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Another  approach  being  studied  retains  the  sphere  but  utilizes 
solar  pressure  effects  by  orienting  properly  coated  panels  towards 
the  sun.  The  orientation  is  provided  by  nagnetic  meridional  coils 
on  the  satellite.  The  change  in  orientation  produces  orbital 
changes  through  solar  pressure  action  to  compensate  for  original 
perturbations.  All  of  these  studies  will  provide  a  technological 
basis  for  choosing  an  optimum  system  should  one  be  required  in  the 
future. 

Antennas  -  Radio  and  radar  antennas  for  use  in  space  benefit 
from  being  packaged  for  launching  and  later  expanded  in  space.  By 
eliminating  aerodynamic  loads,  many  light-weight  structural  concepts 
become  feasible.  One  example  is  shown  in  Figure  3.  This  is  the 
Yagi-Dlsc  arrangement  which  has  been  investigated  by  NASA.  Figure 
3  shows  the  concept  in  its  packaged  and  expanded  condition.  The 
discs  are  positioned  between  blocks  of  polyurethane  foam  which  are 
compressed  for  launching.  In  space,  the  packsye  is  released  and 
the  elastic  foam  provides  the  erection  and  spacing  for  the  antenna 
discs.  A  description  of  the  experimental  research  on  this  system 
is  reported  in  Reference  4. 

Very  large  expandable  antennas  useful  for  tracking  and  radio- 
astronomy  work  in  space  axe  also  being  studied  on  the  basis  that 
future  missions  may  justify  systems  of  such  magnitude.  Figure  4 
shows  one  system  under  study.  Over-all  dimensions  for  some  varia¬ 
tions  of  this  concept  may  reach  10,000  feet,  and  the  need  for  novel 
structural  approaches  such  as  expandables  is  evident.  It  is  antic¬ 
ipated  that  such  research  will  benefit  other  large  structures  as 
well. 


Space  Power  Systems  -  Many  of  the  various  sources  of  electrical 
power  in  space  require  the  exposure  of  large  surfaces  to  the  sun. 
Some  power  requirements  are  small  enough  to  allow  utilization  of 
the  surface  of  the  payload  package  or  space  vehicle  for  mounting 
of  photovoltaic  silicon  solar  cells,  but  future  systems  producing 
as  much  as  20-30  km  of  electric  power  may  require  very  large  sur¬ 
faces  (Reference  5).  If  the  solar  cell  system  is  employed,  flat 
panels  are  used  to  mount  the  cells.  These  are  folded  for  launch¬ 
ing  and  deployed  in  space.  The  reliability  and  freedom  from 
critical  geometry  requirements  continue  to  make  this  arrangement 
attractive  for  many  systems.  Another  solar  cell  concept  is  a  so- 
called  "rug"  configuration,  which  eliminates  flat  metal  panels. 

In  this  case  cells  would  be  mounted  cm  an  elastomer  coated  cloth 
structure  which  is  rolled  up  for  pactcaging .  It  would  be  stiffened 
after  deployment . 

Thermionic  systems,  such  as  parabolic  concentrators,  represent 
considerable  weight  saving  over  the  so.ar  cell  concept  when  large 
amounts  of  power  are  required.  These  are  discussed  in  Reference  6. 
Figure  5  shows  values  for  power  produced  by  two  systems,  which 
represent  possible  upper  and  lower  bounds  of  efficiencies,  plotted 
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Figmw  3  -  Yagi  Disc  Aatmxui 
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against  collector  diameter.  It  is  obvious  that  diaaeters  quickly 
exceed  present  launch  vehicle  package  dimensions  and  the  need  for 
expandables  is  quite  clear.  Among  the  thermionic  systems,  there 
are  also  choices  which  produce  minimum  weight.  Figure  6  shows  a 
plot  of  specific  power  versus  the  operating  temperature  of  the  con¬ 
centrator  absorber  for  several  systems.  All  of  the  systems  shown 
are  expandable  types..  Data  shown  are  based  on  laboratory  models. 
It  is  possible  and  probable  that  the  relative  positions  of  some  of 
the  systems  shown  may  change  with  actual  space  operating  require¬ 
ments.  For  example,  the  inflated  system  would  require  continuous 
pressurization.  The  total  weight  of  gas  required  would  vary  with 
the  total  mission  time.  Figure  7  shows  that  the  pliant  types  per¬ 
mit  smaller  packages  for  launch.  Three  recent  examples  which  have 
been  studied  utilizing  pliant  concepts  are: 

1.  A  parabolic  reflector  constructed  of  aluminized  film.  It 
is  deployed  by  a  system  which  inflates  both  a  peripheral  ring  and 
a  temporary  hemispherical  cover.  A  rigidizing  process  would  be 
used  after  initial  deployment  to  render  the  stem  free  of  the  con¬ 
tinued  need  of  pressure.  A  model  of  this  reilector  is  shown  in 

. igure  8. 

2.  A  spin  deployed  reflector.  This  is  an  arrangement  where 
centrifugal  force  is  used  to  deploy  the  reflector.  The  reflector 
is  a  performed  Mylar  paraboloid.  A  cable  system  is  used  to  main¬ 
tain  the  desired  peripheral  reactions.  Figure  9  shows  a  model 
under  test  in  a  vacuum  chamber. 

3.  So-called  umbrella  types  have  been  studied  and  some  of 
this  work  is  reported  in  Reference  7.  Figure  lO  shows  a  10-foot 
diamete.  model  of  one  of  these  systems. 

Common  problems  exist  among  all  systems.  These  include: 

1.  Achieving  and  maintaining  accurate  dimensions. 

2.  Maintaining  reflector  surface  brightness. 

3.  Protection  against  material  deterioration  and  damage  due 
to  space  environment . 

Other  more  compact  systems,  such  as  nuclear  power,  do  not 
completely  eliminate  the  necessity  of  requiring  large  surfaces  as 
a  part  of  the  system.  The  great  amount  of  waste  heat  which  must 
be  displaced  leads  to  large  areas  for  radiators.  At  the  present 
time,  no  concept  exists  to  completely  satisfy  the  severe  struc¬ 
tural  problem  of  providing  radiation  surfaces  in  space.  Present 
approaches  involve  the  prosaic  solution  of  fluid  flow  through  pipe: 
Such  systems  would  employ  a  considerable  number  of  furlable  compo¬ 
nents  to  deploy  the  radiators  after  launch.  This  area  is  one  whert 
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Figure  8  -  Model  of  Inflated  Solar  Collector 
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inventive  ability  and  imaginative  approach  is  needed.  A  depart¬ 
ure  from  traditional  heat  exchange  solutions  to  circumvent  the 
problem  may  be  necessary. 

Reentry  and  Recovery  Systems  -  The  reentry  and  recovery  of 
spacecraft  is  one  of  the  most  important  phases  of  spacecraft  oper¬ 
ation.  The  recovery  phase  has  been  handled  by  various  parachute 
systems  up  to  the  present  time.  Advanced  systems  will  attempt  to 
provide  a  glide  and  control  capability  to  allow  selection  of  a 
landing  site,  such  as  the  use  of  the  deployable  paraglider  on  Proj¬ 
ect  Gemini.  More  advanced  systems  are  being  studied  in  attempts  to 
combine  reentry  and  recovery.  An  example  is  the  M  series  of  glide 
reentry  vehicles.  In  this  study,  the  NASA  has  looked  at  three 
variations  of  a  similar  configuration.  One  of  these,  the  Ml-L  body, 
is  a  semi-cone  shape  which  reenters  using  ablation  for  thermal 
protection.  After  reentry,  an  afterbody  portion  would  be  deployed. 
This  portion  would  contair  stabilizing  and  control  surfaces  and 
be  constructed  of  both  plied  coated  fabric  and  panels  of  dual-walled 
fabric.  The  inflated  portion  of  the  system  was  chosen  on  the  basis 
of  its  weight  being  equivalent  to  that  of  a  parachute.  Maximum 
temperatures  of  300°F  are  expected  during  the  initial  recovery 
phases.  A  large-scale  test  model  of  this  concept  is  shown  in 
Figure  11. 

Another  M  type  body  is  the  M-3  which  features  wings  which  are 
folded  during  initial  reentry.  These  are  later  unfolded  for  glid¬ 
ing  and  landing.  Later  versions  could  utilize  powered  flight  as 
well.  This  system  is  discussed  in  Reference  8. 

The  NASA  is  also  investigating  combined  reentry  and  recovery 
from  the  standpoint  of  using  centrif ugally  deployed  variable  geome¬ 
try  surfaces.  By  controlling  the  apex  angle  of  a  deployed  cone  or 
vane  system,  the  concept  of  "iso-thermal"  flight  or  atmospheric 
entry  at  constant  surface  temperature  is  utilized.  Efficiency 
studies  of  this  system  indicate  promise  of  substantial  weight  sav¬ 
ing  over  other  systems  including  ablative  reentry.  Figure  12 
shows  one  form  the  system  could  take.  As  shown,  the  rotors  are 
monotropic  filamentary  structures  and  susceptible  to  very  compact 
packaging.  Figure  13  shows  a  comparison  of  materials  that  could 
be  utilized  as  filaments  in  the  blade  structure.  Q  is  a  materials 
property  factor  involving  caissivity ,  temperature  and  strength. 
Reference  9  contains  a  discussion  and  analysis  of  the  iso-thermal 
concept.  This  study  is  continuing  with  special  emphasis  on  the 
use  of  boron  filaments.  Other  filaaents  will  also  be  investigated. 

The  expandable  glider  principle  is  being  employed  in  another 
form  to  obtain  scientific  information.  This  is  a  micrometeoroid 
project  which  involves  the  launching  of  a  paraglider  in  a  near 
vertical  trajectory  at  a  maximum  altitude  of  700,000  feet.  At  this 
altitude  the  glider  is  deployed  by  automatic  inflation  of  its  sail 
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booms.  The  sail  and  inflated  booms  of  the  glider  are  constructed 
of  silicone-elastomer  coated  glass  cloth.  An  additional  ply  of  an 
aluminized-Mylar  meteoroid  sensor  material  is  used  on  the  upper  and 
lower  surface  of  the  sail.  With  a  reentry  angle  of  trim  of  42°, 
and  a  velocity  of  5500  ft/second,  the  structure  will  be  heated  to 
a  peak  temperature  of  650-700°?.  Figure  14  shows  the  vehicle  under 
test  in  the  wind  tunnel. 

Other  projects  are  under  study  using  paragliders  for  space¬ 
craft  recovery.  Most  of  these  will  involve  applications  at  sub¬ 
sonic  speeds. 

Manned  Orbital  Laboratories  -  The  N<ISA  has  made  a  number  of 
studies  of  orbiting  manned  spacecraft  for  long  periods  for  various 
purposes.  Recent  studies  (Reference  5)  have  shown  that  one  of  the 
most  important  missions  for  long  duration  earth-orbiting  vehicles 
is  that  of  a  space  laboratory.  Two  classes  of  laboratories  are 
being  investigated.  One  is  of  compact  torra  for  a  small  crew  and 
operates  at  zero  g.  The  other  class  encompasses  larger  types  and 
provides  artificial  gravity. 

While  it  is  evident  that  the  size  of  spacecraft  will  vary  with 
the  duration  of  the  mission  and  with  the  number  of  men,  the  pro¬ 
vision  for  artificial  gravity  will  in  itself  affect  size.-  Since 
gravity  can  be  simulated  by  rotation,  many  concepts  lending  them¬ 
selves  to  stable  rotation  have  been  investigated,  the  most  notable 
being  the  toroidal  configurations.  Radii  of  rotation  and  rates  of 
rotation  are  also  partly  dictated  by  a  consideration  of  biological 
effects.  Large  dimensions  inevitably  result  from  these  parameters, 
and  these  in  turn  dictate  expandable  structures  for  launching  a 
complete  system  in  one  package. 

Figure  15  is  an  example  of  one  type  of  orbiting  laboratory  of 
sufficient  size  to  require  a  "packaged”  launch  configuration.;  The 
arrangement  shown  is  a  three  module  radial  configuration  accommo¬ 
dating  a  24-man  crew.  The  radial  modules  would  be  folded  to  provide 
a  compact  launch  configuration.  In  sp»ce,  the  modules  would  deploy 
to  a  radius  of  75  feet  and  rotate  at  3-4  rpm.  With  a  maximum 
centrifugal  force  at  the  outer  decks  of  about  1/4  or  1/3  g,  the 
station  would  provide  a  means  of  obtaining  variable  gravity  down 
to  zero  at  the  hub.  A  multiple-walled  rigid  structure  is  being 
studied  for  the  radial  modules  with  sufficient  protection  against 
meteoroids  for  the  long  mission.  An  advantage  of  this  design  is 
the  minimization  of  sealing  required  in  going  from  the  folded  to 
the  deployed  configuration.  Space  laboratories  involving  pliant 
materials  are  also  under  study.  This  research  includes  investiga¬ 
tions  of  various  filamentary-elastomer  wall  constructions. 

Lunar  Bases  —  Research  is  being  directed  towards  solving  the 
hypothetical  mission  for  manned  bases  on  the  moon.  Concepts  or 
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these  follow  the  sequence  of  first,  a  minimum  initial  shelter; 
second  a  temporary  base;  and  third,  permanent  shelters. 

The  initial  shelter  could  be  carried  aboard  an  excursion  vehi¬ 
cle.  In  this  case,  it  might  have  to  fit  within  the  dimensional 
constraints  of  the  vehicle  itself.  This  indicates  that  the  shelter 
structure  and  perhaps  its  contents  might  be  expandable. 

The  temporary  base  could  be  preassembled  in  modules  and  ferried 
to  the  extra-terrestrial  location  to  be  joined  with  others  to  pro¬ 
vide  enough  volume  and  shelter  for  semi -permanent  operations. 

Whether  or  not  the  nodules  would  be  expandable  depends  upon  the 
particular  design  chosen.  Permanent  bases  might  be  constructed  on 
the  planet  using  planetary  materials.  However,  depending  on  mate¬ 
rial  availability  and  construction  difficulties,  some  components 
nay  have  to  be  transported  from  Earth.  Studies  of  bases  are  con¬ 
tinuing. 

Other  Expandable  Applications  -  Many  at  the  equipment  items 
utilized  in  space  missions  will  be  of  an  expandable  nature.  This 
is  *rue  insofar  as  the  materials  chosen  and  the  structure  into 
which  they  are  fabricated  have  all  of  the  characteristics  of  expend¬ 
ables  even  though  their  use  may  not  involve  a  completely  expandable 
operation.  One  such  example  is  the  space  suit.  In  essence,  a 
space  suit  must  provide  many  of  the  elewnts  of  protection  and  con¬ 
venience  required  from  the  space  vehicle  Itself.  Its  thermal  con¬ 
trol,  leakage  rate,  even  its  strength,  must  be  .  equate  to  provide 
the  reliable  enclosure  required.  If  the  often-pictured  function 
of  man-operation  outside  the  spacecraft  is  considered,  then  meteor¬ 
oid  protection  and  greater  radiation  protection  may  also  have  to  be 
added  to  the  suit's  function.  This  mill  be  a  function  of  exposure 
time. 


GENERAL  RESEARCH 

Research  on  the  design  and  operational  parameters  for  various 
expandable  space  applications  just  reviewed  reveal  many  common 
structural  and  material  problem  areas.  Specific  design  of  compo¬ 
nents  and  vehicles,  and  the  short  range  research  associated  there¬ 
with,  will  be  investigated  as  part  of  the  particular  application 
development  when  such  development  occurs.  The  long-range  general 
research  projects  are  chosen  to  solve  the  problems  in  structures 
and  materials  used  in  expandable  applications.  In  fact,  research 
in  this  field  may  often  provide  technology  useful  to  ail  space  ve¬ 
hicle  structures. 

The  nature  of  spacecraft  structural  design  in  expendables  as 
well  as  other  types  dictates  major  emphasis  on  thin  films,  foils, 
filaments  and  fibres  as  structural  elements.  Indeed,  the  extremely 
high  strengths  associated  with  small  diameter  filaments  causes  them 
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to  be  important  for  all  structures.  Parametric  studies  of  systems 
often  result  in  defining  sires  and  shapes  which  call  for  the  very 
extreme  in  practical  dimensions.  Therefore,  the  combination  of 
these  requirements  with  the  available  material  forms  often  results 
in  structures  in  which  expandable  characteristics  are  provided. 

This  is  already  evident  in  the  choice  of  materials  for  passive 
satellites  or  space  antennas  where  over-all  dimensions  are  la'-ge 
but  wall  thicknesses  are  extremely  small.  The  conventional  sheet- 
meta 1-bulkhead  approach  to  solving  any  structural  problem  is  bow¬ 
ing  to  the  results  of  analyses  which  define  structural  needs  in 
terms  of  mission  related  efficiency  factors  An  example  of  this 
was  already  given  in  the  discussion  of  reentry  problems.  In  many 
cases  non-metallic  materials  and  pliant  structures  are  defined. 

In  cases  where  the  structures  are  essentially  rigid  (before  and 
after  deployment),  problems  are  confined  to  research  in  sealing 
methods  and  geometry  studies. 

A  few  areas  of  general  advanced  research  may  be  cited.  In 
order  to  identify  the  important  problems  in  pliant  structures  in 
which  the  primary  source  of  loading  is  internal  pressure,  a  study 
was  conducted  using  weight  as  an  index  of  merit.  The  parameters 
covered  in  the  analysis  were  applicable  to  practically  every  type 
of  expandable  structure  involving  stressed  membranes. 

A  few  examples  are  presented  to  show  the  form  of  presenting 
information  from  these  studies.  All  of  the  parameters  studied  are 
reviewed  in  Reference  10.-  Figure  16  shows  the  effect  of  shape  and 
method  of  construction  on  structural  weight.  Low  values  of  C  are 
desirable.  As  shown  in  the  figure,  isotensoid  construction  is  the 
only  system  wherein  weight  is  independent  of  shape  effects.  How¬ 
ever,  not  all  shapes  are  adaptable  to  this  construction..  Studies 
of  shapes  which  permit  optimum  isotensoid  arrangements  are  re¬ 
viewed  in  Reference  11. 

Figure  17  shows  the  changing  relative  importance  of  strength- 
weight  ratio.  It  can  be  seen  that,  as  structural  weight  is  de¬ 
creased  by  the  use  of  more  efficient  materials  and  construction 
methods,  that  other  system  weights  do  not  necessarily  change 
accordingly. 

These  studies  have  also  emphasized  two  other  important  iiems. 
The  first  is  that,  although  isoten3oid  structures  are  theoretically 
a  less  efficient  method  of  providing  a  pressure  retaining  shell  or 
surface,  they  permit  use  of  materials  and  methods  which  can  be 
furnished  in  high  strength  forms.  Forms  such  as  glass  filaments 
more  than  compensate  for  the  lack  of  structural  efficiency.  Con¬ 
versely,  the  need  is  shown  for  development  of  high  strength  quasi¬ 
isotropic  material  forms,  such  as  high  strength  films  or  foils. 

It  is  contemplated  that  as  the  potential  use  for  such  products  in¬ 
creases,  the  development  will  be  provided. 
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EFFECT  OF  SHAPE  AND  CONSTRUCTION  ON  WEIGHT 


Figure  16  -  Effect  of  Shape  and  Construction  on  Weight 


Figure  17  -  Importance  of  Strength -Weight  Ratio 


A  cannon  problem  among  most  expandable  structures  is  the 
packaging  of  these  systems  for  transport  to  the  point  of  deploy¬ 
ment.  Some  of  these  have  already  been  discussed.  Folding  of 
expendables  for  packaging  is  susceptible  to  analytical  treatment. 
Such  studies  mere  made  wherein  limiting  equations  were  established 
for  various  shapes.  A  detailed  discussion  of  the  theories  developed 
is  presented  in  References  12  and  13.  figure  18  shows  a  typical 
example  of  a  torus  folded  in  accordance  with  the  theory. 

Since  some  expandable  structures  are  both  deployed  and 
stabilized  by  utilizing  centrifugal  force,  studies  were  made  to 
develop  governing  equations  for  axisymmetric,  rotating,  filamen¬ 
tary  structures.  It  was  found  that  not  only  are  resulting  shapes 
predictable,  but  that  the  analytical  methods  also  apply  to  non¬ 
spinning,  externally  loaded  shells  as  well.  Analyses  and  results 
are  reported  in  References  14  and  15. 

Other  methods  of  expansion  have  been  considered.  One  promis¬ 
ing  system  utilizes  the  elastic  energy  in  the  structure  to  expand 
the  configuration.  An  application  of  this  principle  was  shown  in 
the  discussion  of  antenna  design.  It  is  obvious  that  this  principle 
lends  itself  to  many  applications.  General  studies  presently  under¬ 
way  include  determinations  of  design  parameters,  exploration  of 
various  elastic  systems,  and  selection  of  optimum  arrangements. 
Figure  19  is  a  picture  of  a  laboratory  model  of  a  cylinder,  which 
utilizes  elastic  expansion 

It  is  obvious  that  primary  emphasis  in  advanced  research  has 
beer,  devoted  to  the  development  of  technology  in  filamentary  and 
non-metallic  structures  for  the  cases  cited  previously.  However, 
NASA  has  also  conducted  generai  studies  of  metallic  forms  of  ex¬ 
pandable  structures  composed  of  rigid  elements.  A  summary  of 
these  sladies  is  contained  in  Reference  16. 

An  example  of  the  application  of  a  rigid  element  expandable 
structure  for  advanced  research  is  shown  in  Figure  20.  This  is  a 
satellite  designed  to  provide  meteoroid  penetration  data  during 
earth  orbit. 

In  the  pursuit  of  understanding  of  pliant  materials  and  ex¬ 
pandable  structures  in  space,  it  is  becoming  evident  that  many 
valuable  techniques  in  both  analysis  and  development  are  being  pro¬ 
vided  which  will  benefit  not  only  expandablea  but  all  space  struc¬ 
tures.  The  potential  in  non-metallic  structures  is  especially 
large.  Even  if  it  were  not,  the  need  for  knowing  more  concerning 
non-metal 1‘ t,  construction  applied  to  space  vehicles  will  continue. 

It  is  almost  impossible  to  design  systems  utilizing  nothing  but 
metals.  It  is  certainly  not  practical.  On  this  basis,  greater 
technical  effort  must  be  devoted  to  material  developments  and  de¬ 
sign  techniques  which  lend  themselves  to  expandable  and  to  non- 
metallic  structures.  Among  these,  the  more  important  seem  to  be: 
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1.  Increased  development  and  understanding  of  filaments  as 
structural  elements. 

2.  Improved  films  of  higher  strength  and  modulus  of  elastic¬ 
ity. 

3.  Use  of  parametric  analysis  as  a  first  step  in  choosing  a 
structural  approach  to  particular  requirements. 

4.  Greater  emphasis  on  the  design  of  materials  for  particu¬ 
lar  structural  applications  (e.g.,  composites). 

CONCLUSIONS 

Expandable  structures  in  space  applications  have  been  chosen 
because  studies  of  mission  requirements  have  shown  expandable  con¬ 
cepts  as  the  optimum  choice.  However,  many  problems  will  continue 
to  be  manifest  in  both  structural  design  and  applications  of  mate¬ 
rials  in  these  structures.  More  work  is  needed  on  non-metallics 
in  filament  form  and  films.  The  use  of  parametric  studies  in 
choosing  structural  solutions  and  proper  materials  should  be  in¬ 
creased.  The  number  of  individuals  and  groups  with  specialized 
knowledge  of  design  techniques  and  familiarity  with  the  materials 
available  will  probably  continue  to  represent  a  minor  part  of 
those  engaged  in  spacecraft  design.  Even  fewer  are  those  who 
possess  the  combination  of  ingenuity,  imagination,  and  technical 
ability  to  investigate  really  new  approaches.  It  is  conceivable, 
then,  that  there  will  always  be  opposition  to  departing  from  the 
rigid  metal  systems  on  the  basis  of  tradition.  These  considera¬ 
tions  represent  the  largest  problem  area  in  the  future  of  not  only 
expandable  structures  but  for  other  advanced  concepts  as  well. 
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FIGURES 


1.  Echo  A- 12  Static  Inflation  Test 

2.  Lenticular  Communications  Satellite 

3.  Yagi-Disc  Antenna 

4..  Orbital  Radio  Telescope 

5.  Collector  Diameter  Versus  Power  Output 

6.  Collector  Specific  Power  Versus  Temperature 

7.  Collector  Diameter  Versus  Package  Volume 

8.  Model  of  Inflated  Solar  Collector 

9.  spinning  solar  Collector 

10.  Umbrella  Collector 

11.  Ml-L  Reentry  Vehicle 

12.  Deployable  Reentry  System 

13.  Materials  Comparison  for  High  Temperature  Use 

14.  Meteoroid  Paraglider 

15.  Orbiting  Space  Station 

16.  Effect  of  Shape  and  Construction  on  weight 

17.  Importance  of  Strength-Weight  Ratio 

18.  Folded  Torus 

19.  Elastic  Expandable  System 
Micrometeoroid  Measurement  Satellite 
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The  objective  of  this  paper  is  to  introduce  some  overall  systems 
constraints  into  the  use  of  inflatable  materials  or  expandable  structures 
in  soacecraft  design.  In  particular,  the  discussion  is  related  to  how 
the  use  of  these  concents  might  influence  or  be  influenced  by  a  large 
manned  snace  station. 

There  are  a  number  of  general  requirements  which  can  be  established 
for  any  space  station  that  is  to  be  developed  for  conducting  experimental 
or  test  activities.  First  of  all,  the  economic  factors  associated  with 
the  operation  and  supnort  of  an  extensive  exDerimental  program  indicate  a 
superior  advantage  to  a  system  which  has  the  capability  of  conducting 
several  activities  simultaneously.  Also  in  the  interest  of  reducing 
program  cost ,  it  is  desirable  that  any  vehicle  which  is  launched  into 
orbit  should  have  the  ability  to  remain  in  operation  for  an  extended  period 
of  time,  perhans  as  long  as  one  to  three  years.  The  need  ro.‘  an  extended 
lifetime  is  further  substantiated  by  the  requirement  that  many  of  the  fore- 
seen  experiments  have  a  test  duration  of  several  months.  In  order  to 
accomplish  the  basic  vehicle  functions,  it  is  estimated  that  at  least  two 
crew  members  should  fcs  available  for  duty  on  a  continuous  basis.  Thus,  a 
brief  investigation  of  work/rest  cycles  indicates  that  the  crew  size  will 
be  no  less  than  four  to  six  people.  To  acrownodate  the  experimental 
activities  and  provide  a  suitable  living  and  working  environment  over  the 
extended  periods  of  time,  a  large  volume  and  payload  capacity  is  required 
for  the  space  station.  While  it  has  not  been  finally  determined  that 
man  can  or  cannot  survive  for  extended  periods  of  time,  it  is  believed 
that  a  snace  station  should  simultaneously  be  able  to  provide  a  variable- 
gravity  and  a  zero-gravity  environment  to  accommodate  foreseeable  experi¬ 
mental  activities.  To  minimize  the  development  cost  associated  with  any 
snace  station,  compatibility  with  existing  or  planned  personnel  transport 
vehicles  (Apollo,  Gemini,  and  X-20)  and  launch  vehicles  is  essential. 

*-ero  gravity  space  stations  have  been  examined  in  considerable  detail. 
Actually  the  existing  manned  spacecraft,  i.e..  Mercury,  Gemini,  and  Apollo, 
are  small  zero-gravity  snace  stations;  however,  in  their  present  con¬ 
figurations  they  do  not  have  the  large  volume  and  payload  capacity  required 
for  extended  missions.  Studies  are  now  being  conducted  to  examine  the 
feasibility  of  increasing  the  avaiiaPle  volume  ox  the  Apollo  by  the  addition 
of  a  modular  laboratory.  Expended  booster  stages,  modified  in  orbit  as 
space  stations,  also  appeared  attractive  at  one  time.  The  North  American 
Aviation  3tudy  of  the  use  of  the  Saturn  S-II  tankage  for  this  purpose  (see 
Figure  1)  is  typical  of  many  designs  which  have  been  considered.  The  primary 
problem  associated  with  this  approach  is  the  requirement  for  the  in-orbit 
installation  and  checkout  of  functional  systems  and  subsystems.  The  exten¬ 
sive  instrumentation  and  associated  equipment  required  for  this  task  appears 
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to  offset  any  advantages  which  might  be  achieved  with  such  a  concent. 

Vehicles  that  have  been  designed  specifically  as  aero-gravity  space 
stations  have  a  limited  number  of  factors  that  influence  the  configuration 
selection.  Since  compatibility  with  the  launch  vehicle  is  the  predominant 
criterion,  these  space  stations  generally  have  an  elongated  cylindrical 
shape . 

Inflatable  snace  station  concents  are  particularly  desirable  because  of 
their  apparent  ability  to  be  packaged  in  a  more  compact  launch  configuration 
than  is  possible  with  all-rigid  concents.  This  approach  is  particularly 
attractive  whenever  a  large  volume  in-orbit  is  desired,  but  where  available 
boosters  ha>t  extremely  limited  payload  weight  and  geometric  constraints. 
Obviously,  pre-launch  installation  of  equipment  is  not  practical  if  the 
"■ackaging  efficiency  is  to  be  maintained.  Figure  2  illustrates  a  typical 
24-foot  diameter  "C-Annulus"  inflatable  snace  station  which  was  built  under 
contract  to  the  NASA  Langley  Research  Center.  Normally,  equipment  will  be 
installed  within  a  central  ring  and  later  eet  up  inside  the  laboratory  by 
the  crew  members.  An  alternate  approach  would  be  to  install  the  equipment 
around  the  interior  ring  of  the  apace  station;  however,  when  the  station  is 
rotating  in  orbit,  the  crewman's  feat  will  be  at  the  periphery  of  the  station 
and  all  of  the  equipnent  will  be  a  couols  of  feat  above  his  head.  One  of  the 
most  serious  problems  associated  with  the  use  of  an  inflatable  material  is 
its  unsatisfactory  resistance  to  meteoroid  penetration.  Materials  that  have 
relatively  high  packaging  efficiencies  nrovide  practically  no  meteoroid 
protection;  the  space  station  atmosphere  would  soon  escape,  and  subsystem 
equipment  would  be  seriously  damaged.  If  the  material  ie  made  resistant  to 
meteoroid  tienet ration  by  the  use  of  multi-wall  construction,  the  pacta ging 
efficiency  rapidly  approaches  that  of  conventional  rigid  structure. 

Many  suggestions  have  been  made  for  space  station  concepts  involving 
the  launch  of  several  individual  components  and  their  assembly  in  orbit. 

These  are  generally  very  large  space  stations  and  engineers  have  often 
worked  out  a  sequence  of  operations  for  the  assembly  of  theee  vehicles. 

Figure  3  depicts  a  concept  that  was  recently  patented  by  the  Lockheed 
Aircraft  Corporation.  However,  the  assembly  of  all  the  components  in  orbit  is 
a  much  more  difficult  nrocess  than  simply  launching  a  number  of  pieces 
into  a  general  location  in  space  and  collecting  all  of  these  at  a  conmion 
point  by  means  of  a  shuttle  vehicle.  The  problems  of  mechanical  attach¬ 
ments,  fluid  connections,  electrical  line  connections  and  checkout  of  the 
integrated  system  are  only  a  few  which  tend  to  make  such  a  concept  not 
practicable  before  the  post-1975  time  period. 

The  concept  of  a  aelf -deploying  space  station  incorporates  most  of  the 
characteristics  that  are  highly  desirable  for  an  early-  operational  space 
station.  As  was  discussed  previously,  the  use  of  the  space  station  as  a 
general-purpose  laboratory  will  require  a  large  volume  to  accomodate 
equipment  and  to  provide  living  and  working  space  for  crew  members.  The 
incorporation  of  artificial  gravity  capability,  required  at  least  for 
experimental  purposes,  leads  to  need  for  large-dimensional  configurations 
which  can  be  slowly  rotated.  The  initial  configuration  cr  a  self-deploying 
space  station  which  was  studied  by  HAA  under  NASA  contract  is  illustrated 
in  Figure  4.  It  is  composed  of  six  rigid  modules  joined  by  inflatable 
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material  and  arranged  in  a  toroidal  shape  which  is  rotated  to  provide 
artificial  gravity.  Three  spoke  Joined  the  torus  to  a  central  hub  which 
was  used  as  a  docking  platform  for  two  personnel  transport  vehicles  (each 
comprised  of  the  Apollo  coaaand  module  and  service  module).  The  three  spokes 
were  to  be  constructed  of  inflatable  rwterlal  which  could  be  folded,  thus 
enabling  the  compact  launch  configuration  shown  in  Figure  5  to  be  achieved. 

The  six  rigid  modules,  which  have  all  systems  and  equipment  installed  and 
checked  out  prior  to  launch,  are  clustered  around  the  central  hub  section. 

One  Apollo  vehicle,  which  could  be  launched  with  the  space  station,  serves 
as  the  means  of  escape  for  three  crew  maabers  in  the  event  of  booster  mal¬ 
function  and  launch  abort.  When  the  orbit  has  been  successfully  established, 
the  folded  space  station  is  deployed  automatically  by  means  of  ’Tdraulic  actuators 
slcctrically-driven  screw  jacks,  or  some  other  mechanical  device.  Struts 
connecting  the  hub  with  each  of  the  six  rigid  cylindrical  sections  are  used 
to  assure  uniform  deployment  from  the  launch  configuration  to  the  orbital 
configuration.  The  orbital  configuration,  with  the  non-rigid  sections 
inflated,  results  in  a  space  station  with  a  100-foot  diameter,  although  the 
diameter  could  be  treated  aa  a  variable.  One  end  of  the  hub  has  been 
enlarged  to  house  a  small  s«ro- gravity  laboratory.  The  deployment  sequence 
for  a  model  of  this  space  station  is  shown  in  Figure  5. 

While  the  diameter  of  the  initial  configuration  was  sized  by  the 
payloaa  capability  of  the  then-planned  (circa  19*1)  Saturn  C-2  booster,  it 
became  apparent  early  in  the  investigation  that  the  rotational  effects  on  the 
crew  maabers  might  be  intolerable.  In  Figure  6,  a  number  of  the  parameters 
affecting  a  crewman's  tolerance  to  the  conditions  aboard  a  rotating  space 
station  have  been  plotted  in  a  manner  such  that  a  "comfort  zone"  is  defined. 

The  bounds  of  this  comfort  zone  are  determined  by  four  parraeters  -  the  percent 
change  in  gravity  between  the  man’s  head  and  feet;  the  space  station  angular 
velocity;  the  tangential  velocity;  and  the  radial  acceleration.  It  is  believed 
that  the  change  in  gravity  or  acceleration  between  the  man's  head  and  feet  should 
not  exceed  15$  in  order  to  prevent  impairment  of  blood  circulation  and  to 
reduce  the  discomfort  felt  when  the  man  changes  the  relative  position  of  his 
head  and  feet  by  bending  over  or^ring  down.  The  recoaaended  upper  limit 
on  the  space  station  angular  velocity  is  approximately  3  rpm  to  minimize  the 
effects  of  Coriolis  acceleration.  Experiments  with  the  USN  School  of  Aviation 
Medicine  rotating  room  have  indicated  that  normal  head  movements  are  tolerable 
if  the  angular  velocity  does  not  exceed  3  to  A  rpm.  The  tangential  velocity 
of  th“  space  station  should  be  no  less  than  20  fps  in  order  to  minimi?*  the 
change  in  gravity  the  man  will  experience  when  he  walks  along  the  rim  of  the 
station.  Hie  upper  limit  on  radial  acceleration,  or  gravity,  was  set  at 
0.5  g  to  reduce  fatigue;  the  lower  limit  is  somewhat  arbitrary,  it  being 
the  minimum  acceleration  under  which  normal  functions  (e.g.,  locomotion) 
can  be  expected  to  be  performed  in  a  near-normal  fashion. 

It  can  be  seen  from  Figure  6  that  a  space  station  radius  of  50  feet  does 
not  fall  within  the  defined  comfort  zone.  With  the  increased  payload  capability 
of  the  Saturn  V  booster,  a  space  station  diameter  of  up  to  75  feet  appeared 
practical.  As  will  be  shown  later,  the  weight  of  this  vehicle  is  compatible 
with  the  Saturn  V  payload  capability  in  a  low-altitude  orbit.  Consequently, 
a  radius  of  75  feet  was  selected  for  subsequent  space  station  designs. 

The  space  station  will  be  continuously  subjected  to  meteoroid  bombard¬ 
ment  during  its  lifetime  In  orbit.  Sine*  the  inflatable  material  which  was 
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contemplated  for  use  in  the  design  has  very  poor  penetration  resistance,  its  use 
was  minimised  on  all  designs.  Wherever  inflatable  material  was  chosen  for  design 
use,  it  was  to  be  lined  with  penetration-resistant  panels  by  the  crew  members 
after  the  station  has  been  deployed.  The  meteoroid  flux  distribution  that  was 
assumed  for  this  study  is  based  on  the  somewhat  conservative  modified-Whipple 
1961  estimate  illustrated  in  Figure  7.  As  indicated  in  the  figure,  the 
majority  of  the  particles  that  will  be  encountered  in  space  are  very  small 
and  cause  only  a  gradual  erosion  of  the  exterior  surface  of  the  vehicle.  It 
is  estimated  that  in  a  year's  time,  the  amount  of  aluminum  removed  by  micro¬ 
meteoroid  sputtering  is  of  the  order  of  10-6  to  1C-  inches.  Of  particular 
concern  are  those  particles  that  are  sufficiently  large  to  caise  a  penetration  of 
the  structure.  Empirical  data  derived  from  hyoervelocity  particle-impact  tests 
at.  the  Ames  Research  Center  were  used  in  conjunction  with  this  flux  to  deter¬ 
mine  penetration  effects.  Efficiency  factors  for  single  sheet  and  multiple 
sheet  structure  have  also  been  developed.  Uaing  these  efficiency  factors  with 
the  flux  and  penetration  equation,  it  is  possible  to  determine  the  meteoroid 
resistance  of  various  types  of  structure.  Figure  8  illustrates  the  variation 
in  weight  of  four  typical  wall  structures  as  a  function  of  the  number  of 
meteoroid  penetrations  (penetration  by  particles  of  ail  sixes)  pe*  year  over 
the  entire  vehicle  surface.  It  can  be  seen  that  a  multi-wall  ^.vninum  structure 
is  much  more  efficient  than  a  single-wall  structure;  however,  *.he  efficiency 
does  not  appear  to  Increase  beyond  a  three-wall  structure,  .-or  a  75,000- 
pound  structure  in  a  vehicle  of  the  site  under  consideration,  it  appears 
practical  to  restrain  the  number  of  penetrations  by  meteoroid  particles  to 
the  order  of  one  per  year. 

With  the  advent  of  the  large  boosters  (i.e.,  Saturn  V),  the  necessity 
for  examining  inflatable  space  station  concepts  vanishes.  Human  factors 
requirements  have  indicated  the  necessity  of  increasing  the  diameter  of 
the  rotating  station  to  approximately  150  feet  and  meteoroid  penetration 
problems  have  indicated  the  obvious  desirability  of  minimising  the  use  of 
inflatable  material.  Thus  the  configuration  evolution  indicated  in  Figure  8 
preceded.  The  second  configuration  shown  in  the  figure  has  constrained  the 
use  of  inflatable  material  between  the  modules  to  the  minimum  length  necessary 
to  fold  the  vehicle  in  the  launch  configuration.  Further  analyses,  supported 
by  the  construction  of  a  number  of  crude  models,  indicated  that  if  the 
appropriate  hinging  techniques  were  employed,  the  inflatable  material  between 
the  modules  could  be  completely  eliminated.  The  only  exposed  inflatable  material 
being  used  in  the  third  configuration  in  the  figure  is  in  the  three  spokes 
connecting  the  hub  to  the  modules. 

Further  refinements  of  the  150-foot  space  station  configuration  indicated 
that  even  the  inflatable  material  in  the  spokes  could  be  eliminated  if  the 
spoke  were  constructed  as  a  telescoping  tube  with  a  pinned  joint  at  the  hub 
and  a  pinned  rotating  joint  at  the  module.  This  configuration,  illustrated  in 
Figure  9,  is  composed  of  six  modules  which  are  75  feet  long  and  10  feet  in 
diameter.  The  three  telescoping  spokes  have  a  maximal  external  diameter  of 
5  feet.  This  design  has  evolved  to  provide  the  wgiriiM  flexibility  of 
operation  to  the  crew  members  performing  the  various  functional  activities 
aboard  the  station.  Crew  members  have  access  to  all  compartments  at  all 
times,  yet  a  design  technique  has  been  employed  to  give  naviani  safety  under 
all  circumstances.  Each  of  the  modules,  as  well  as  the  hub,  has  its  own 
power,  environmental  control,  and  life  support  systems.  In  addition,  a  net¬ 
work  of  airlocks  has  been  utilised  so  that  any  major  section  of  the  space 
station  can  be  isolated  in  event  of  a  serious  failure.  For .example,  if  a 
large  meteoroid  penetration  occurs  in  a  module,  an  airlock  at  each  end  of 
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Figure  8  Configuration  Evolution 


igure  9.  Typical  3DSS  Design 


the  module  will  prevent  loss  of  the  remaining  atmosphere  in  the  station  and, 
because  major  system  functions  are  duplicated,  normal  space  station  operations 
can  be  continued.  Crewmen  may  enter  e  damaged  module  through  the  airlock  to 
conduct  whatever  repairs  are  necessary  to  restore  the  module  to  its  original 
state  of  operation.  One  of  the  requirements  originally  established  for  a 
a Dace  station  was  that  it  be  capable  of  simultaneously  providing  both  a  aero- 
gravity  and  artificial-gravity  environment .  This  station  has  a  3200-cubic-feet, 
zero-gravity  laboratory  within  the  hub;  the  remal nl ng  volume  (approximately 
45,000  cubic  feet)  can  be  used  for  living  and  working  quarters  and  conducting 
experiments  that  are  independent  of  gravity  level. 

The  structure  of  the  apace  station — the  modules,  the  spokes  an d  the  hub — 
is  composed  of  three  layers  of  aluminum  sheet  as  indicated  in  Figure  10.  The 
outer  layer  is  0.020  inches  thick  and  the  inner  two  layers  are  0.038  inches  thick. 
The  inner  two  layers  are  separated  by  a  one-inch  thickness  of  altmdnum  honeycomb 
core,  the  cells  of  which  have  been  filled  with  polyurethane  foam.  The  outer 
two  alumimc  skins  are  separated  by  a  one-inch  layer  of  polyurethane  which  has 
been  bonded  to  each  skin.  Several  lor*  «rens  designed  to  resist  launch  bending 
loads  in  the  structure  divided  the  cylindrical  sections  (modules  and  spokes) 
into  60-degree  segments.  The  figure  illustrates  a  typical  way  in  which  the 
manufacture  of  the  wall  structure  might  be  accomplished. 

The  longerons,  fastened  in  c  jig  to  maintain  the  proper  location,  are 
welded  to  the  preformed  inner  sheets  of  the  structure  by  the  use  of  the 
"skate"  welding  technique  developed  at  North  American.  Polyurethans  foam 
will  be  deposited  in  the  honeycomb  core,  and,  after  the  honeycomb  has  been 
cut  to  shape,  a  small  amount  (0.010  inches)  of  the  foam  will  be  removed 
froc  osch  cell  so  that  the  bonding  agent  can  firmly  adhere  to  the  honeycomb. 

The  assembly  will  then  be  placed  in  an  autoclave  to  cure.  After  curing,  tho 
second  layer  of  alumimn  skin  will  be  welded  to  the  longeron  and  the  assembly 
again  placed  in  an  autoclave  to  cure  the  bond  between  the  sheet  and  the  honey¬ 
comb.  The  layer  of  polyurethane  foam  is  now  bonded  in  place  on  the  inner 
sheet  of  aluminum,  then  the  outer  sheet  (the  meteoroid  bumper)  is  bonded  to 
the  foam  and  riveted  to  the  longeron. 

The  design  of  all  the  seals  that  are  used  in  the  space  station  was 
selected  on  the  basis  of  ndnlmue  initial  leakage  and  the  ability  of  the  crew 
members  to  perform  subsequent  operations  that  would  result  in  a  permanent 
eero-leakage  joint.  Since  the  space  station  will  not  be  folded  after  initial 
deployment,  all  of  the  joints  in  the  structure  which  are  necessary  for  folding 
the  station  for  launch  can  be  made  permanent  by  the  use  of  bending  or  welding 
techniques.  The  seal  concept  which  has  been  employed  in  the  telescoping  spokes. 
It  makes  use  of  two  circoeferentiel  Up  seal  glands  which  are  held  against 
a  smooth  service  by  the  internal  pressure  of  the  space  station  atmosphere. 

This  technique  automatically  forms  a  low-leakage  seal  after  deployment  has 
been  completed.  A  manual  adjustment  has  been  incorporated  so  that  crew 
members  may  tighten  the  seal  to  further  diminish  leakage  end,  if  desired, 
the  joint  may  be  welded  shut  to  eosure  that  the  leakage  rate  is  reduced  to 
essentially  zero.  It  should  also  be  noted  that  this  seme  adjustment  can  bo 
used  to  compensate  for  any  changes  in  spoke  length  due  to  temperature  chaises 
or  separate  misalignments  in  manufacture  ef  final  assembly.  While  it  is 
possible  to  conceive  many  complicated  seal  ’vechanisms  for  such  a  device,  it 
is  believed  that  simplicity  and  ease  of  rue sequent  provisions  for  a  permanent 
seal  are  the  ksy  to  minimum  leakage  in  vehicle  joints  such  as  those  described. 
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Figure  10.  Typical  Wall  Structure 


.g  urc  LI  Telescoping  Spoke  Joint 


The  details  of  other  major  structur*!,  e.lew*nt?,  .aswwt].  ifi"  ,»3O0i AUV1! 
manufacturing  techniques  of' the  space-  station,:  have  0«enwwcr«'1voiit,iri;la 
manner  similar  to  that  previously  described:  for-  bheKwallisbBuetpp-'.juJifiiprshae 
t»i**ssop.ing  spoke  joint.  Because  eft  the  lajcibotiQBs.iaipoadd,  on- the  reekf-iratann 
r.'  this  oaner,  now-eve  tv  no  further :dettl lswvil !  be  chum. .. 

Because  of  tr.»  numerous  questions  cancorr-iw  tnc  e aeuhaas station 

to  if  satisfactorily  detloyad. without  birtfing  of-  the  jpintj,  .iconsfctBCtnaeciie 
sell -deploying  moaei  of  «ne  station  was  oonstriicbei  ui5dpr-onnb*acttbothbeNJ(A5A 
iangley  Research  .'.enter.  The  madel  is  vo wared  by- etli-cnnibinadeeeetbra:  .oeeirw 
.  a.-l  actuators.-  Two  actuators  are  located  ,at  •eafcbasdcltil'*,;dbii6taaitdthhree<ieee 
installed  in  the  hut  to  control- the  spoke-- notion.  lit.isreeoogbiBdithhatthhis 
actuation  mechanism  does  not  duplicate;  the  .aebuationL-onoo»ptr£rrtbae:liuree 
:i’v»c-  atati*-fi;  however,  the  principal  of  'coordinated  -doMoymen;  .tsiidnnlic&i. 

A  .though  the  notions  of-  the  i*  actuators  .are,,  not  protistly-oopnintbej , 

-*  was  found  that  the  model, would  deploy  satisfactorily.  I Ituwao ifiaaoeeetd J 
fat  limited  lag  in  the  motion  ofiany  on*  actuator -ootid-  be.bofprsaeiwvibhaut 
t  imiing.  although  it  is  obvious  that  a  faiiw--.  Of-jirL.echuaiprroQSidarreaui.  :an 
smou'  dsmag'  to  or  possible  destruction.  Cfibhe-Boaei TShe-aOdC'.fhas 
v'^r.te  i  out  the  neen  £©r»etther  .a  ooordinat'*  .do,  loyseh1  tteriuaiua  ropraas station 
-ofeet-  where  coordinated  deployment  oot -required • 

To  overcon, -■  the  necessity- for  coordinated  .ooiioyisBnt  jeftbaejosapesCtStin^, 
tee  concept  illustrate.!  in.  Fi-:»re  1  .’.was  derive i .  llr.-ibhis  cor.fiqttretiou . 
tn“  tele* coning  joints  m. the  atones  :,avt  beer-  iliamnabdiuansLhhe  ^apeassnoBw 
,  reetui"  ri  -  0 r  th-.  a  lace  station,  in  t,i  -  intersection  Cf-  two,oOdtl»3rrtbhpr 
*  nar  at  the  Tid point  Cf  the  modules ..  This  tartiouiar  concotit  .  llAucerabesi  the 
'•if  of  rotating  seals  at  the  joint  fctawefthe  aoofto.1anitthermdd61«? :r.b«w»*or, 
rutt  seals-. we uld  be  equally  .appropriate  *•-.».  slightly  .cifforon*  :des»gs. 

The  deployment  of  this  apace  etataon  occurs. an:  two :3setanct  nhoees^ss 
indicate!  m  Figure  13.  Ir  neither  phase  ere- the-BOtions-ofitberesbsjCf 
■while-,  coordinate!  an  1  tnfc  seooni  nhas"  of  bne  deployment . isr.net.  .deermdnnt 
c on  all  tne  mod’tlen  conoictirg  tne:f»rst  pnas^-of-  the  .deployaont.  Ilrjbbs 
f-rnt  •  has" ,  these  sets  of  modules  ani  sponc-  (a  eet  -oonS»etftflg,jOft  time-  .oddties 
an  one  seeks)  depli>-  po  fore  the  letter  VV  ■.  'The  second  bhaeeoSf  idotipyaott 
evolves  the  rctatacn  of  adjacent  raddles  about , a  conker. lane- pasting!  bhsnajgr. 

*.n«  end'  of  adjacent  a'cki/j  to  fore-  th-  complete-  hexagonal -casfigurftlcni'- 
lf  a  malfunction  occurs  during  the  deployment  sequence,  rrww.iaelBbers-jiayeotber 
the  station  and  manually  comr-leie-  the  deployment  sequence  pt'ipribothbeooeprtliona. 
activation  cf  the  station.;  As  in- the  previously  •ae8ctibdi,ooncet>t,t.fcbese9lisabt 
th«  joints  are  designed  in  such-a.-wav-*  thst-weldung  or  boadijjgtbebhfcqqess  \m;’ 
o"  employed  by- the  crew  members-  to-  form,-,  a  permanents  sea] . 

A  auwsary  of-  the, weight  of  the  previously  described.; Sfiocessttlioneonceott 
is  illustrated  an’ Figure  XL.  The  structure  Of  tbeyvsbifi$,rfWi!ifch,iniiddes 
mechanical  devices  neoessary-fpr  deployment., v.'wei8bs~?$,150:abs.  TShe 
weights  of-  the  functional  oubsystems-f-pewer.eBirtrjeonBnfciii  oonbec;  ,,-caaunhicatioa  ; , 
stafcili*ation..aad  control,  .add  life  auppprt— fare. iniJiaatei.  onibhe.-hhart .  wlibh 
a  payload  .allowance  of  21,000  lb3.-  ffor  sc* enttfic  instrument atinn, tbetteqqbio- 
ment ,  etc, ,:fche  space  station  launch., weight  is-johly  139oOOO:lbs.  'r£his.,i? , 
of  course,  well. within- the  payload  capabilities  Of- the  saturnW'lannhhwBiiiile 
(f -1C  and  S-ll  stage*). 
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Figure  12.  Current  SDSi>  Design 
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LAUNCH  WEIGHT  148,600  LBS 


In  general ,  expandable  structures  do  not  represent  an  optimua  solution, 
per  so;  they  always  represent  a  compromise  in  comparison  with  a  complete! v 
rigid  structure.  However,  volumetric  or  other  dimensional  constraints  imposed 
by  certain  operational  considerations  have  at  limes  been  so  severe  that  only  the 
use  o'  expandable  structures  permit  the  accomplishment  of  the  mission 

Both  space  station  concents  discussed  herein— ene  involving  two-mode 
deployment  and  the  other  utilizing  telescoping  spokes — are  expandable  structures 
in  that  the  orbital  configuration  must  he  "packaged’’  or  folded  to  be  compatible 
with  the  aerodynamic  restraints  imposed  on  the  launch  vehicle. 

These  studies  have  fairly  conclusively  demonstrated  that  systems  which 
require  the  use  of  expandable  structures  can  be  subjected  to  creative  design 
approaches  to  eliminate  many  of  the  problems  normally  associated  with  the 
expandable  structures. 
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abstract 


DEVELOPMENT  OF  AN  INFLATED  PARAGLIDER 
FOR  MANNED  ORBITAL  ESCAPE 
J.  F.:  Keville  and  F,  Warren 

Space -General  Corporation 
El  Monte,  California 

The  problem  of  developing  a  material  system  for  use  in  an  inflatable 
structure  which  would  be  capable  of  hypersonically  re-entering  the  earth’s  at¬ 
mosphere  was  undertaken  by  Space-General  Corporation  under  sponsorship  of 
the  Manufacturing  Technology  Division  of  the  Air  Force  Materials  Laboratory, 
The  specific  problem  was  to  develop  a  material  which  would  possess  sufficient 
flexibility  to  allow  folding  into  a  compact  package  while  being  strong  enough  to 
withstandthe  required  internal  pressure  and  the  aerody  -tic  loads  during  flight. 
Additionally,  the  material  system  would  have  to  with.*)  .d  extreme  heating  ef¬ 
fects  during  re-entry  while  maintaining  low  permeability  so  as  to  retain  the 
inflation  gas. 

The  approach  has  been  towards  the  use  of  currently  available  mate¬ 
rials  with  design  criteria  based  on  studies  of  the  related  trajectory  and  ther¬ 
modynamic  environments.  The  general  approach  has  been  to  use  elastomeric 
materials  with  low  ablation  losses  and  yet  a  relatively  modest  effective  abla¬ 
tion  temperature.  Since  the  low  thermal  conductivity  of  the  elastomers  and 
the  ablative  char  would  tend  to  minimise  the  transfer  of  heat  to  the  reinforc¬ 
ing  material,  the  design  allows  the  use  of  available  reinforcing  wire  cloth.  A 
critical  aspect  of  the  problem  is  solved  by  the  development  oi  a  joining  tech¬ 
nique  for  the  wire  cloth  to  achieve  the  desired  shape  and  load  handling  ability. 
This  is  followed  by  the  application  of  an  elastomeric  coating  to  the  reinforce¬ 
ment  to  provide  the  necessary  heat  protection  and  gas  barrier. 

Results  of  testing  performed  to  date  are  disclosed  and  include  evalu¬ 
ation  of  various  elastomers  by  plasmajet  tests  and  torch  tests,  evaluation  of 
various  methods  of  joining  the  wire  cloth,  coating  the  wire  cloth  with  the  elas¬ 
tomer,  and  tests  of  the  composite  material. 

The  significance  of  the  results  of  this  program  is  that  materials  avail¬ 
able  today  can  be  combined  to  form  a  composite  system  suitable  for  use  in  an 
inflatable  structure  which  is  capable  of  re-entering  the  earth’s  atmosphere 
from  orbit.  Such  materials  may  be  applied  to  a  variety  of  special  missions 
usilizing  the  Rogallo  wing  paraglider. 
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DEVELOPMENT  OF  AN  INFLATED  PARAGLIDER 
FOR  MANNED  ORBITAL  ESCAPE 


J.  F.  KeviUe 

Project  Engineer,  Engineering  Division 
Space-General  Corporation,  El  Monte,  California 

and 

Forrest  Warren 

Assi.-u  at  Chief  Engineer,  Engineering  Division 
Space-General  Corporation,  El  Monte,  California 


The  importance  of  human  survival  has  received  considerable  empha¬ 
sis  in  our  space  program.  As  a  means  of  escape  fruui  an  orbiting  space  sta¬ 
tion,  an  inflated  gl:dcr-type  vehicle  has  been  proposed..  A  collapsible,  flexible 
wing  vehicle,  which  is  particularly  aerodynamically  stabile,  was  conceived  by 
Francis  Rogallo  nearly  twenty  years  ago..  The  principal  application  of  this  ve¬ 
hicle  has  been  as  a  subsonic,  relatively  low  altitude,  glider  with  an  underslung 
payload. 

Under  a  contract  awarded  by  the  Manufacturing  Technology  Division 
of  the  Air  Force  Materials  Laboratory,  Space-General  Corporation  has  under¬ 
taken  the  initial  development  of  a  completely  flexible,  inflated  paraglider  which 
will  be  capable  of  returning  a  man  from  orbit  by  re-entering  the  earth's  atmos¬ 
phere  at  hypersonic  velocity  and  decelerating  to  effect  a  subsonic  controlled 
landing  on  earth..  The  program  has  been  given  the  title  "Project  FIRST,  "which 
stands  for  "Fabrication  of  ^Inflatable  Re-entry  ^Structures  for  Test." 

A  photograph  of  a  model  of  the  proposed  paraglider  is  shown  in  Fig¬ 
ure  1.-  The  vehicle  consists  of  an  inflated  body  made  up  of  three  inflated  ta¬ 
pered  booms  attached  to  a  common  toroidal  apex.  Attached  between  the  center 
boom  or  keel  and  each  leading  edge  boom  is  a  thin,  flexible  wing  membrane 
which  assumes  an  approximately  semi-conical  shape  during  flight. 

The  vehicle  configuration,  which  has  been  confirmed  by  theoretical 
analysis  and  extension  of  data  obtained  in  wind  tunnel  testing,  employs  booms 
tapered  from  thirty -two  inches  in  diameter  at  the  forward  end  to  sixteen  inches 
in  diameter  at  the  aft  tip  with  an  overall  vehicle  length  of  approximately  twenty- 
three  feet. 
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Figure  1.  Re-entry  Paraglider 


Figure  2  Deployment  of  Escape  Vehicle 
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The  vehicle  is  packaged  similar  to  a  life  raft  and  attached  to  the  ipace 
station  such  that  a  man  can  enter  the  crew  compartment  section  of  the  para¬ 
glider  from  within  the  space  station.  The  vehicle  is  then  ejected  away  from 
the  space  station  and  subsequently  inflated.  Havi..g  been  aligned  at  the  proper 
attitude,  the  vehicle  is  retro  fired  from  orbit  and  re-enters  the  sensible  at¬ 
mosphere  at  26,000  ft/sec.,  or  about  Mach  30..  An  artist's  concept  of  thede- 
ployment  of  the  paraglider  is  shown  in  Figure  2. 

The  development  program  for  this  vehicle  includes  the  design,  fabri¬ 
cation,  and  test  of  large  scale  components.  In  order  to  proceed  with  design, 
it  was  necessary  to  first  determine  the  critical  environment  so  that  materials 
of  construction  could  be  chosen..  One  of  the  project  criteria  was  that  "available" 
matt  ials  must  be  used.-  Ihis  was  interpreted  to  mean  that  materials  research 
leading  to  new  alloys  or  formulations  was  outside  the  scope  of  the  project,  al¬ 
though  currently  available  materials  might  be  modilied  in  adapting  them  lor 
this  application. 

The  trajectory  and  thermodynamic'  studies,  materials  evaluation,  and 
structural  analysis  and  design  have  been  grouped  into  Phase  I  of  this  project.- 
This  nhcise  has  heen  completed  recently.  Phase  II  will  include  process  devel¬ 
opment,  tool  design  and  iabrication,  and  actual  manufacturing  of  the  test 
components ., 

These  components  w.ll  consist  of  both  full-scale  and  sub-scale  booms 
and  apexes  which  will  be  tested  in  Phase  ill  under  simulated  load  and  thermal 
conditions. 

Evaluation  of  the  pressure  distribution  cr.  the  sail  membrane  and  keel 
at.  hypersonic  velocities  was  made  using  an  approximation  to  the  Newtonian 
theory.  With  the  sparswise  pressure  distribution  established,  the  resulting 
aerodynamic  coefficient*)  during  hypersonic  re-entry  were  determined  as  junc¬ 
tions  as  angle  of  attack  as  shown  in  Figure  3.  In  the  range  of  hypersonic  veloc¬ 
ities  considered  the  variation  of  these  coeiiieients  with  Mach  number  is  small. 
The  parametric  study  of  heating  and  ablation  rates  indicated  that  minimum 
heating  occurred  near  maximum  lift  coeificient..  As  a  result,  a  vehicle  angle 
of  attack  of  70°,  which  corresponds  to  an  L/D  of  0.5  was  selected..  After 
evaluation  of  a  number  of  trajectories  using  an  IBM  7090  digital  computer, 
an  aerothermal  corridor  corresponding  to  minimum  re-entry  heating  was  found 
to  occur  at  a  re-entry  angle  of  -1  .  The  trajectory  characteristics  are  shown 
in  Figure  4.  The  vehicle  re-enters  the  sensible  atmosphere  where  significant 
heating  first  appears  at  420,  000  feet  altitude  and  within  about  1800  seconds 
has  descended  to  130,  000  feet  where  it  is  approaching  subsonic  velocity.  The 
re-entry  maneuver  incorporates  only  one  well  established  skip  and  glide  above 
330,000  feet  and  the  resultant  energy  dissipation  is  reflected  in  a  decrease  in 
velocity  while  still  at  relatively  high  altitude.  Not  only  are  the  heating  rates 
maintained  at  relatively  low  values  as  will  be  shown  later,  but  the  dynamic 
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Figure  4.  Trajectory  Characteristics 
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pressure  reaches  a  maximum  value  of  only  5  3  lbs.  'oq.  ft.,  and  this  is  in  the 
latter  part  of  the  supersonic  regime.  At  anout  this  time,  the  maximum  decel¬ 
eration,  which  is  tangential  to  flight  path,  peaks  out  at  less  than  1.4  g. 

Thermodynamic  studies  were  performed  using  the  IBM  7090  computer 
to  evaluate  the  nature  o!  the  temperature  distribution  at  the  anex  and  along  and 
around  the  leading  eHg»-  Kevins .  Due  to  decrease  in  diameter  at  the  tapered 
booms,  the  aerodynamic  heat  flux  actually  increases  from  forward  to  aft  of 
the  vehicle.  At  the  aft  end  of  the  boom  the  heat  flux  is  actually  greater  than 
at  the  stagnation  point  on  the  apex  Figure  6  shows  the  thermal  history  ex¬ 
perienced  by  the  vehicle  The  temperature  curve  showing  a  maximum  or 


Figure  b  Thermodynamic  Data 

ablatio. i  temperature  of  iil00OF  is  based  on  the  actual  thermal  properties  of 
the  coating  material  as  determined  in  plasma -jet  experiments.  The  program 
in  its  early  stages  was  iterative  in  nature  since  assumed  materials  properties 
had  to  be  used  to  determine  the  materials  temperatures  which,  in  turn,  were 
used  to  guide  the  selection  of  final  materials. 

Materials  evaluation  started  with  a  survey  of  literature  nf  available 
materials.  Since  suppliers  had  very  little  knowledge  oi  high  temperature  of 
ablation  characteristics  of  their  materials,  it  was  necessary  to  conduct  an  ex¬ 
tensive  materials  testing  program..  Candidate  materials  were  evaluated  from 
the  standpoint  of  their  performance  in  the  flight  environment  and  their 
fabricability  ., 
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Due  to  the  high  flexibility  and  crease  resistant  requirements  imposed 
by  the  need  for  compact  packaging,  elastomeric  materials  appeared  to  be  the 
best  candidates  for  the  coating  materials.  Previous  work  by  our  company  had 
disclosed  that  the  silicone  rubber  materials  were  very  satisfactory  as  .ablators 
in  lining  of  rocket  nozzles  and  insolation  against  base  heating. 

A  series  of  oxy -acetylene  torch  tests  were  conducted  on  standard 
silicone  rubber  formulations  and  special  formulations  made  up  in  our  labora¬ 
tory  wnich  included  !he  use  of  ceramic  frits,  inic ro-balions,  etc.  As  a  result 
of  these  torch  testa,  certain  silicone  elastomers  were  selected  for  plasma-jet 
testing.  Specimens  of  the  candidate  materials  were  exposed  to  heat  fluxes 
ranging  from  1.5  to  15  Btu/sec.,  sq.  ft,  in  an  eighty  KW  air-arc  plasma -jet. 
Typical  rejults  are  illustrated  in  Figure  6,  Non-silicone  elastomers  showed 


Figure  6.  Plasma-jet  Test  Results- 

very  poor  performance  by  comparison.  Recalling  that  the  maximum  heat  flux 
shown  in  Figure  5  wao  less  than  twelve  Btu/sq.  ft.,  sec.,  average  ablation 
velocity  during  the  flight  is  well  under  1  mil  per  second  for  a  silicone  rubber 


-  346  - 


typical  of  that  finally  selected  for  coating  this  vehicle.  Although  the  differences 
between  torch  and  plasma-jet  testing  were  expected  to  cause  considerable  dis¬ 
crepancy  in  the  results,  it  was  interesting  to  observe  the  materials  performed 
relatively  the  same  and  even  the  ablation  velocities  were  similar  for  the  par¬ 
ticular  conditions  utilized. 

Permeability  tests  were  run  using  air  and  nitrogen  and  it  was  found 
that  thin  coatings  of  the  silicone  materials  would  withstand  the  design  gas  pres¬ 
sure  with  negligible  gas  diffusion  vihen  reinforced  by  lightweight  stainless  steel 
tcnsil  bolt  cloth  for  time  periods  and  temperatures  well  in  excess  of  those  to 
be  experienced  in  the  actual  flight.  Calculations  indicate  that  less  than  0.25 
lbs  of  gas  would  be  lost  while  the  total  pressurizing  and  attitude  control  gas 
carried  on  board  is  about  27  pounds. 

Considerable  testing  using  a  tensile  t«.st  machine  was  conducted  on 
one-  and  two-ply  coated  and  uncoated  specimens  of  metal  cloth.-  Tensile  test¬ 
ing  was  also  the  primary  method  of  defining  the  quality  and  efficiency  of  the 
various  joining  methods  considered  for  both  glass  and  metal  cloth  reinforcing 
fabrics.  Since  tensile  machine  testing  cannot  create  a  bi-axial  load  condition, 
small  inflated  cylinders  were  constructed  which  not  only  gave  considerable  in¬ 
sight  into  the  joint  performance  and  characteristics  of  incipient  buckling  dur¬ 
ing  bending,  but  also  provided  experience  in  fabrication  techniques.. 

The  ciiteria  for  structural  design  and  resulting  design  loads  which 
were  computed  are  shown  in  Table  ! Since  no  rigid  structural  reinforcements 


Table  I  .  Structural  Criteria  and  Design  i-oads 
STRUCTURAL  CRITERIA 

1.  Thin  membrane  structure  -  Pressure  stabilized 

2.  No  buckling  at  '20$  limit. 

3  Hypersonic  air  loads  are  critical 
DESIGN  LOADS 


I . 

Internal  working  pressure 

11  PSI 

2. 

Maximum  hoop  tensile  load  * 

176  LB /IN 

3. 

Maximum  longitudinal  load 

159  LB/IN 

4. 

Minimum  longitudinal  load 

>7  LB/IN 

5.. 

Keel  shear  load 

15  LB/IN 

were  to  be  used  in  the  vehicle,  pressure  stabilization  is  required  to  prevent 
vehicle  distortion  under  aerodynamic  and  inertial  loads.  It  was  assumed  that 


sufficient  pressurization  would  be  required  so  that  buckling  would  not  occur 
at  120$  of  limit  loads  while  the  critical  design  loads  would  be  encountered 
during  the  hypersonic  portion  of  the  flight.  Although  gust  loading  during  sub¬ 
sonic  flight  may  momentarily  exceed  the  more  sustained  loads  to  which  the 
vehicle  is  exposed  in  a  hypersonic  flight,  a  lower  temperature,  greater  ma¬ 
neuverability,  and  less  critical  adherence  to  a  prescribed  trajectory  in  sub¬ 
sonic  flight  are  expected  to  alleviate  this  condition. 

The  calculated  internal  pressure  of  1 1  psi  produces  a  maximum  hoop 
tensile  load  of  176  Ibs/inch.  Although  the  nominal  longitudinal  load  in  a  cyl¬ 
inder  would  be  half  of  this  value,  the  maximum  longitudinal  load  due  to  air 
loads  bending  moments  is  159  lbs/inch  while  the  minimum  is  17  lbs/inch  This 
latter  value  illustrates  the  effect  of  pressure  stabilizing  in  excess  of  design 
loads . 


The  maximum  hypersonic  air  loads  in  the  horizontal  plane  are  shown 
in  Figure  7.:  It  will  be  noted  that  these  loads  created  by  air  impact  and  wing 


Figure  7.  Maximum  Hypersonic  Airloads  (Horizontal) 

membrane  tension  are  very  low  as  are  those  shown  in  Figure  8  for  the  vertical 
air  load  components  and  inertial  loads  due  to  crew  compartment  (in  the  keel 
boom)  and  structural  mass  distribution. 


-  - 


KEEL 


1.4  I.U/1N. 
0.25  LB/IN. 


6.77  LB/IN. 
0, 09  LB/IN 


1.4  LB/IN. 

0.25  LB/IN. 


LEADING  EDGE 
1.95  LB/IN. 

0.09  LB/IN. 


Figure  H.  Maximum  Hypersonic  Airloads  (Vi.rtic.il) 

Design  of  the  material  matrix  is  consistent  with  the  temperature  dis¬ 
tribution  illustrated  in  Figure  *).  The  upper  curve  illustrates  the  outer  surface 
temperature  and  ablation  previously  discussed.  The  two  lower  curves  show  the 
temperature  at  the  outer  surl.»r<  of  the  reinfor.  ing  fabric  and  the  inner  surface 
adjacent  to  the  pressurizing  gas.  It  wiii  he  noted  that  the  einforeing  fabric  at 
i'.'-  time  exceeds  1.000  F .  This  is  desirable  because  from  a  weight  economy 
and  material  availability  standpoint  relatively  common  materials  ’  >uld  bo  con¬ 
sidered  for  'he-  reinforcing  fabric. 

The  need  fur  high  flexibility  with  high  crease  recovery  and  high  strength 
to  weight  ratio  led  to  the  decision  to  use  ultra -fine  filament  stranded  metal  cloth . 
Laboratory  testing  of  filaments  nb  well  as  fabrics  woven  from  300  scries  stain¬ 
less  sieei  an  well  as  chromium  nickel  alloys  has  led  to  the  selection  of  an  alloy 
containing  7  3#  nickel  and  ZOi  chromium.  This  material  is  marketed  commer¬ 
cially  by  one  manufacturer  as  Chromel  R.  The  fabric  in  von  in  a  56  mesh 
2x2  haaket  weave  of  yarns  consisting  of  forty-nine  1  mil  diameter  filaments. 
The  resulting  fabric  which  is  about  12  mils  thick  has  a  flexibility  and  texture 
of  a  similar  textile  fabric. 
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Figure  ?  Pesign  Dati  -  Thermal 


Two  p  y  ~  ol  U.io  fabric  will  be  used  in  the  bourns  with  the  innei  ply  im 
a  45  bias  while  the  yarns  ol  me  outer  ply  will  run  generally  !  <;.K:lu'i;nal  and 
cros3-wi8e  on  the  boom  A  cross  section  >1  this  fabric  matrix  is  lllust  "at  co 
in  Figure  10  The  wire-  cloth  w1  ich  will  no  thorough1.-  impregnated  With  sili¬ 
cone  rubL  r  will  occupy  approximately  25  r.'ii.s  m  the  total  thickness  The 


illustration  shows  the  total  thickness  of  silicone  rubber  required  on  the  lower 
ablative  surfaces  at  the  aft  end  of  the  booms  where  0,10  inches  will  ablate 
leaving  0.025  inches  of  silicone  rubber  still  coated  over  the  cloth. 
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The  primary  internal  loads  in  the  boom  fabric  are  tension  and  .“hear. 
Since  tests  indicate  that  the  silicone  elastomer  w  11  carry  a  negligible  portion 
of  tension  loads,  hoop  and  longitudinal  toads  will  be  reacted  by  tension  in  the 
filaments  in  the  outer  metal  cloth  ply.  As  shown  in  Figure  !  1,  the  thin  bnnrling 
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Figure  11.  Boom  Construction 

film  of  silicone  between  the  piys  and  application  of  seams  joining  both  plys 
permit  shear  loads  in  the  booms  to  be  converted  into  longitudinal  loads  in  the 
bias  ply  fibers..  Longitudinal  seams  in  both  plys  and  hoop  seams  in  the  bias 
ply  are  dictated  by  maximum  availaole  fabric  width. 

The  construction  of  the  apex  is  considerably  more  complicated  in  that 
hoop  loads  are  not  carried  continuously  around  the  torus  due  to  the  intersection 
of  the  keel  boom  and  bending  moments  on  the  booms  must  be  reacted  by  the 
apex  without  buckling  or  gross  distortion..  As  in  the  case  of  the  booms,  the 
apex  wiil  utilize  a  primary  construction  of  two-ply  in  bias  relationship.  To 
react  other  peripheral  leads  m  circumferential  tension,  the  apex  will  then  be 
"mummy"  wrapped  with  strips  of  fabric  as  schematically  shown  in  Figure  12. 
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Figure  12  Apex  Construction 

Although  the  apex  will  be  considerably  less  flexible  than  tiie  booms,  it  is  ex¬ 
pected  that  it  may  be  collapsed  with  a  reasonable  packing  factor. 

In  general,  the  procedure  for  fabricating  the  vehicle  components  will 
consist  of  first  cutting  the  metal  cloth  in  the  required  pieces  and  caiefully  lay¬ 
ing  the  pattern  together  with  as  many  joints  as  possible  being  made  on  a  Hat 
surface  The  joining  procedure  is  essentially  a  brazing  tci  hniquc  performed 
in  an  inert  atmosphere  The  primary  method  uti'izes  the  Aeroray1  mlrared 
gun  to  concentrate  heat  from  a  quartz  lamp  on  the  joint  with  an  eliptical  re¬ 
flector  This  heating  device  has  the  advantage  of  being  portable,  although  all 
brazing  must  be  Hone  in  a  nitrogen  or  argon  atmosphere  which  -s  accomplished 
by  working  with  a  plastic  bag  covering  the  entire  work  piece.-  Two  alternate 
methods  of  preparing  brazed  joints  are  being  developed.  One  of  these  utilizes 
standard  resistance  welding  equipment  to  melt  the  brazing  alloy  but  presently 
this  method  suffers  from  lack  of  portability  although  no  inert  atmosphere  is 
needed.  A  third  method  which  will  require  substantially  more  development  in¬ 
volved  the  use  of  a  small  induction  heating  coil  and,  again,  this  method  re¬ 
quires  an  inert  atmosphere  Joint  efficiencies  of  85  to  95^  have  been  consist¬ 
ently  produced. 
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The  next  step  in  fabricating  a  part  is  to  shape  the  cloth  patterns  to  a 
tool  assuring  conformance  with  the  desired  surface  geometry  of  the  vehicle. 
Final  joints  are  made  on  the  tool.  The  cloth  shape  is  then  either  removed 
from  the  tool  for  solution  impregnation  by  dipping  in  a  solvent -cut  silicone 
rubber  mixture  or  impregnation  is  accomplished  by  brush  coating.  Subse¬ 
quently,  calendared  sheets  of  silicone  rubber  approximately  0.025  inches 
thick  supported  by  PVC  film  are  laid  in  place  to  build  up  the  total  thickness 
as  required  in  certain  areas  of  the  boom  and  apex.  After  the  surface  of  the 
outer  layer  of  silicone  rubber  is  properly  smoothed  or  skived  as  required, 
the  entire  assembly  is  vacuum  bagged  while  still  on  the  shaping  tool  and  Cured 
in  an  autoclave.- 

Testing  of  the  components  will  include  both  room  temperature  and 
high  temperature  tests  as  well  as  corresponding  tests  conducted  after  simu¬ 
lated  re-entry  heating.  These  tests  will  include  pressurization  and  permea- 
b'lity  to  ascertain  gross  leakage  and  diffusion  races  as  well  as  burst  strength, 
determination  of  packaging  factor,  and  loads  at  high  temperatures  after  pack- 
aginp,  vibration  surveys  in  both  packaged  and  inflated  conditions,  and  perform¬ 
ance  under  design  loads  as  well  as  determination  of  buckling  loads.  Since  abla¬ 
tion  characteristics  cannot  be  adequately  studied  outside  of  the  wind  tunnel, 
attempts  will  be  made  only  to  heat  the  fabric  in  a  peripheral  temperature  pro¬ 
file  similar  to  that  predicted  for  the  re-entry  condition..  Since  the  auto-igmtion 
temperature  of  silicone  rubber  formulations  is  900  -  1000°F,  such  high  tem¬ 
perature  tests  including  pressurization,  permeability,  and  application  of  loads 
will  have  to  be  conducted  in  a  nitrogen  purged  chamber.  A  schematic  of  a 
loads  test  at  temperature  is  shown  in  Figure  13.:  The  loading  is  small  and 
easily  simulated  by  the  use  of  small  weights  in  such  a  way  that  they  do  not  in¬ 
terfere  with  the  heating  created  by  a  bank  of  quartz  lamps.  Thermocouples  on 
the  wire  cloth  will  be  used  to  regulate  the  heat  lamps  to  maintain  the  required 
temperature  pattern..  The  boom  will  be  properly  reinforced  where  it  is  at¬ 
tached  to  the  test  fixture  in  order  to  prevent  failure  at  the  clamp  due  to  load 
concentration. 

In  conclusion,  it  is  hoped  that  distinct  contributions  will  be  made  to 
the  design  and  construction  of  expandable  structures  and  that  techniques  devel¬ 
oped  in  this  program  will  either  be  directly  usable  or  will  point  the  way  to 
further  development.. 
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>BFC  INTEREST  IN  EXPANDABLE  fflWJCTlTEE 


By 

J.  ¥.  Blunrich 

Chief,  Structural  Engineering  Branch 


MSEC'S  interest  in  expandable  structures  hu*.  .-eaultcd  in  quite  detailed 
work  that  has  been  done  over  a  number  of  years.  Our  experience,  besides 
studies  and  related  research  work,  includes  actual  development  end  design 
of  flight  hardware.  We  are  glad,  therefore,  of  the  opportunity  to  present 
a  brief  suaaary  of  the  uost  significant  of  our  stiuctures,  and  we  want  to 
einpheaize  the  definite  interest  wa  have  in  this  field  -  both  combined  with 
our  eagerness  to  learn  more  from  as  many  sources  as  we  possibly  car  • 

Before  going  into  detail  I  should  like  to  refer  to  Webster's  Dictionary 
which  explains  the  word  •expand*  with  •increase  in  extent.*  This  increase 
may  -  quite  logically  -  occur  along  one  axis  only;  it  nay  also  mean  an 
increase  in  two  directions,  a.  u  it  nay  naturally  also  involve  three  direc¬ 
tions.  This  means  to  say  that  the  field  of  expandable  structures  is  wider 
than  frequent' y  considered.  It  includes,  s.g.,  telescoping  structures, 
structures  that  are  deployed  (like  solar  mirrors  or  flat  panels  of  satel¬ 
lites,  Regallo  wing)  balloons,  and  it  could  also  include  space  stations 
and  lunar  shelters.  These  are  exaavles  for  the  major  systems.  However, 
we  should  also  include  here  auxiliary  structures  which  may  be  packaged  on 
earth  and  put  to  proper  shape  in  space  or  on  the  moon:  Radiators,  connect¬ 
ions  between  shelters,  even  such  items  aa  tables,  chairs,  and  probably  a 
long  list  of  other  items. 

Expandable  structures  are  not  limited  tc  payloed  structures,  of  course. 
In  our  urea  of  activities  we  find,  however,  xnac  the  majority  of  expandable 
structures  does  occur  in  the  payload  region.  For  this  short  discussion  I 
will,  therefore,  consider  major  systems  of  payloads  only. 

The  purpose  of  making  a  payload  structure  expandable  is  to  store  it, 
at  least  during  the  atmospheric  flight  of  e  vehicle,  in  aucb  s  way  tuat 
either  its  length  is  substantially  reduced  or  its  diameter  is  kept  nt  a 
desired  size.  This  means  that  we  arc  primarily  interested  in  matters  of 
geometry;  in  other  words*  Weight  is  not  of  first-lino  impor*  ice.  Another 
fundamental  fact  can  be  derived  from  these  considerations:  Ar.  expandable 
structure  is  by  its  very  nature  more  complicated  and  less  reliable  than  a 
rigid  structure  so  that  we  shall,  of  course,  use  it  only  if  ws  really  have 
to.  is  we  ell  know,  we  *have  to*  in  a  number  of  cases  end  we  can  expect 
that  tuis  nirujer  will  increase  rather  than  decrease  in  the  future. 

There  are  two  immediately  obvious  questions  with  regard  to  expandable 
structures:  1.  What  is  tbtir  caspe,  and  2.  what  materiel  can  or  should 
be  used. 
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To  talk  shortly  about  the  shape,  1  will  show  you  a  few  pictures  of 
structures  that  have  been  designed  In  detail  at  MSFC,  such  that  have  been 
built,  and  such  that  are  in  the  early  planning  phase. 

Slides  1  &  2:  Solar  mirror,  ibis  was  a  design  and  manufacturing  study 
we  did  sever*!  years  ago.  The  task  was  to  determine  limitations  and  re¬ 
quirements  for  peckaging  mirrors  within  a  certain  dlametor  and  putting  them 
in  operation  in  apace.  Conaidering  the  diameters  which  ranged  from  20  to  4° 
feet,  we  found  that  only  metallic  structures  could  be  expected  to  fulfill 
the  rather  severe  accuracy  requirements  for  the  paraboloidal  shape.  Shortly 
after  this  study  was  ccmple ted,  VJ£A  awarded  the  contract  for  the  aun-flover 
project  to  TAFCO,  a  Division  of  Thonqjaon-Ramo-Woolridge  Inc.,  which  used 
essentially  the  sane  approach  for  the  mirror  deeign  by  choosing  rigid,  do* 
ployabl"  petals. 

Slide  3i  The  Mlerootetercld  Measurement  Capsule  (WV).  The  concept 
was  developed  in  MSFC.  Design  and  manufacturing  was  contracted  to  the 
Faiz-chilu  Company.  This  slide  shows  the  deployment  sequence  from  the 
fully  packaged  to  the  fully  deployed  condition.  Time  for  deployment 
1  minute. 

Slide  4»  WE  in  fully  deployed  condition.  A  few  data:  Total  span 
96'  4"«  panel  height  13*  8*,  number  of  panels  f.5  per  wing,  actuation  by 
electric  motor  of  1/60  HP. 

Slide  5t  To  give  you  e  better  idea  of  the  actual  size  of  the  wings, 
this  slide  shows  a  mockup  of  the  panels. 

Slide  6 i  Lunar  Landing  Vehicle.  A  very  detailed  engineering  study  on 
all  aspects  haa  recently  been  mane  by  us.  The  elide  la  presented  in  this 
connection  because  we  have  made  repeated  attempts  to  find  other  means  than 
r..iown  here  to  absorb  tlu?  energy  of  tie  lending  Impact.  The  result  is  that 
the  shock  absorbers  are  built  into  the  main  struts  of  the  landing  gear.  We 
nave  uade  intensive  attempts  to  use  auch  means  as  large  foaivd  or  inflated 
rings  M+tachcd  to  somewhat  reduced  outriggers,  similar  rings  directly  st- 
teched  bo  the  vehicle}  we  have  even  made  the  assumption  that  the  vehicle 
could  be  permitted  to  overturn  and  impect  on  a  cushion  built  around  ths 
forward  portion  of  the  vehicle.  However,  all  solutions  came  out  heavier 
and  less  reliable.  It  may  be  mentio-»d  that  the  requirements  for  the 
touchdown  wore  severei  f<0°  slope  plus  sere  velocity  component  in  down¬ 
hill  direction,  and  c.g.  location  about  2J0  inches  above  the  surface. 

Since  MSFC  has  mission  and  responsibility  for  studyirg  the  lunar 
logistics  payload  effort  including  lunar  bases,  we  have  also  begun  to  study 
the  wide  field  of  lunar  shelters. 

The  term  "shelter*  covers  the  whole  spectrum  from  emergency  shelters, 
which  may  be  used  for  hoc "3  or  days  only,  to  a  lunar  base  which,  to  a 
certain  extent,  can  be  considered  a  permanent  installation.  The  number 
of  people  living  in  such  shelters  will  range  from  one  or  two  to  any 
reasonable  figure. 
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It  u.  ;bvious  that  the  size  of  a  sholter,  I  mean  the  volume  enclosed 
by  such  n  structure,  depends  on  tho  pur,  oso,  on  the  mission  assigned.  We 
'.Mini  a-'  u  (i.i  oral  trend  tint  the  ano’int  of  space  necessary  per  eon  should 
mu-east.  witn  the  length  of  tine  tho  shelter  will  be  occupied.  We  have 
.  \%ry  obvious  limitation  with  regard  to  minimum  size ;  The  occupants 

oelo  to  stretch  to  their  full  length.  For  on  ctorponcy  sholtor 
it  rity  ot  ecoptab’e  that  this  length  be  provided  in  horizontal  direction, 
i.e.  whiii  tho  crow  is  stretcliod  out  on  their  bods.  Shelters  used  for 
isoru  t iu1  r  emergency  purpetus  mot  permit  standing  and  some  walking. 

A^ido  iron  such  limitations  .-a  arc  free  to  choose  tho  geometrical 
oi  tho  structure  but  we  find  that  we  have  only  two  useful  shapes 
for  cons  iteration:  Cylinder  and  opnorc.  The  cylinder  can  be  used  in 
three  different  ways:  as  a  full  cylinder  with  horizontal  or  vertical  axis, 
md  as  n  »iaif-cylindnr  (quonset  hut).  For  obvious  reasons  the  quonset  type 
e-e*  be  o.v.ected  to  b*v_-  a  very  limitod  application  -  if  any  at  all.  A 
;p  'ricrl  ctruettus,  o„  *.ha  wt  cr  hena,  lias  a  poor  volunstric  efficiency 
si-pan.',  a  to  a  cylinder  having  diameter  and  length  equal  to  the  diameter 
of  the  sphere.  In  addition,  it  appoars  to  iav o  functional  disadvantages. 

&  can,  therefore,  cs^ufe  tiiat  the  shelter  configuration  will  be  cylindrical 
with  oi'.hor  horizontal  or  vertical  axis.  This  say  ..Aso  include,  of  course, 
u  combination  of  interesting  spheres  to  an  elongated,  cylinder-like  structure. 

Tho  following  slides  show  in  principle  tho  present  thinking  with  regard 
to  oarly  lunar  shelters.  All  of  then  are  planned  for  one  year  life  time. 

Thoy  will  be  occupied  intermittently,  and  will  be  designed  to  be  trans¬ 
ported  by  the  LiK  truck. 

31  Ido  7i  This  i3  perhaps  the  3implc3t  form  of  a  two-tan  sheltor.  The 
bunks  are  located  at  tho  center  of  the  structure.  Instnvaentction  and  equip¬ 
ment  aro  arranged  around  Uses.  The  airlock  is  3hown  hare  on  tnc  outside;  it 
enn  also'  be  arrange  d  to  bo  within  tuc  no  in  cylinder  of  tho  structure. 

Slide  Si  This  3hows  a  similar  shelter  design  as  the  previous  slide.  A 
lunar  moving  vehicle  is  storod  underneath  the  living  area. 

Slide  ifere  wo  havo  a  cylindrical  shelter  with  a  horizontal  main 
axis,  ifcrt  of  the  equipment  such  as  luol  tanks  and  fuel  cells  arc  on  the 
outsilc.  Again,  c  lunar  roving  vehicle  is  stored  between  shelter  and  X£M 
truck. 

Tho  important  characteristic  of  these  shelter  configurations  is  that 
none  of  them  is  an  expandable  structure.  The  studies  showed  that  there 
was  no  need  to  use  them.  I  presented  those  slides  only  in  order  to 
demonstrate  that  from  all  we  know  the  early  lunar  shelters  can  and  will 
bo  rigid  structures. 

A«-  both  the  nunbor  of  people  and  the  stay  time  on  the  moan  increase, 
tn  ,  will  bo  need  fer  larger  and  consequently  different  types  of  shelters. 


Whether  the  question  of  their  location  -  I  mean  whether  they  will  he  located 
on  the  surface  or  in  tunnels  or  trenches  -  has  some  influence  on  considers* 
tions  of  expandability  is  hard  to  say  at  this  time;  cute  would  probably  be 
inclined  to  give  a  negative  reply. 

All  the  structures  1  have  shown  you  bjve  been  developed  by  engineero 
who  were  under  the  relentless  pressure  of  hardware  requirenmmta.  I  would 
like  you  to  see  that,  although  with  these  structures  and  such  developed  by 
others,  there  was  made  a  good  start,  we  still  are  at  the  very  beginning  of 
developing  and  using  such  structures.  ihead  of  us  there  ie  e  wide  and 
fascinating  field,  again  a  uew  territory  for  enormous  activities!  and  we 
may  ba  inclined  to  give  run  to  phantaey. 

Now,  phantasy  is  something  an  engineer  certainly  needs  for  any  kind 
of  design  work.  There  Is  no  doubt  that  we  need  a  particularly  full  awaaure 
of  it  in  the  fields  we  arc  discussing  today.  But  let  us  understand  that 
besides  phantasy  -  cr  you  prefer  to  call  it  imagination,  intuition  -  we 
need  something  else  equally  ba'.lyi  Vo  need  to  be  realistic,  using 
engineers  we  have  to  dig  deeply  with  both  hands  into  the  problems.  Into 
the  design  and  manufacturing  and  functional  and  environmental  problems, 
if  we  do  not  want  to  fail  or  to  come  up  with  reedleeely  expansive  struc¬ 
tures  and  procedures  -  expensive  both  in  money  and  human  lives. 

ie  all  are  aware  that  It  is  much  easier  and  much  more  glamorous  to 
present  pictures  rather  than  develop  the  unfortunately  little  regarded 
engineering  details.  A  concept  makes  sense  only  to  the  extent  ns  It 
recognises,  on  one  side,  the  limits  of  the  atate-of-tbo-ert  (including 
careful  extrapolation)  and  as  it  recognizes  on  the  oth.tr  hand  the  func¬ 
tional  requirements  and  the  influence  of  t*>  •r'*’  •wient 
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As  far  as  the  material  la  concerned 
structures  and  non-aetalllc  structures  .  i-1 
metalli  'trrrtures  can  be  subdivided  int 
able  structures  (of  which  only  the  latte- 
nor. -metallic  consist  essentially  of  inflr-t 
course,  both  main  groups  may  and  do  hav^  c 
distinction  exists  -  metallic  varsus  nor -a 
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At  far  as  application  is  concerned  we 
of  clear  superiority:  The  Echo  balloon  i. 
non-metalllc,  while  -  equally  naturally  - 
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necessarily  metallic.  But  what  should  be  the  a rs.er  with  retard  io  space 
stations  or  with  regard  to  large  lunar  shelters  r.r.d  lunar  bae*-:'  which  are 
of  Browing  interest?  This  answer*  I  feel,  is  clearly  defined  if  we  con* 
sider  our  pertinent  knowledge  of  materials t  Me  know  tne  metals  well  enough 
that  we  can  use  them  immediately*  but  we  are  still  in  development  -  and 
partly  in  research  phases  *  with  the  non-metallie  materials.  ;,.ulte  obviously* 
the  factor  time  is  importantj  7f  we  had  to  design  a  lunar  shelter  now  or 
within  the  next  severs!  years,  there  is  no  doubt  that  we  would  do  it  in 
metal.  In  all  fairness  we  would  have  to  state,  however,  that  beyond  this 
period  of  tlte  immediate  future  the  answer  is  much  less  firm  -  if  we  should 
not  leave  open  tbs  question  entirely. 

From  all  I  have  raid  so  far,  you  may  have  the  impression  that  e.ther 
myself  or  we  at  K£FC  are  against  the  use  of  non-motallic  structure;.  71*1 * 
is,  of  course,  not  the  case.  Sven  if  we  were  so  seriously  unwiso  to  allow 
ourselves  to  have  preferences  as  to  materials,  we  could  net  afford  to  over* 
look  or  neglect  this  proa  sing  new  field.  Shat  we  have  done  in  each  of  these 
cases,  however,  was  an  engineering  approach  using  available  information,  ex¬ 
pose  it  to  the  full  spectrum  of  manufacturing,  functional  an*  anvironmentol . - 
requirements,  and  weigh  ir.d  compare  the  results  with  those  of  other  mate- 
ri“ls,  Thi.  procedure  w.ll  quite  naturally  be  repeated  whenever  the  occasion 
arises.  There  is  an  Obvious  potential  in  inflatable  and  foamed  structures 
but  it  is  apparent  that  progress  has  still  to  be  made  and  experience  accumu¬ 
lated  before  we  can  with  confidence  plan  on  using  them.  But  it  should  he 
Clear  that  lack  of  knowledge  should  be  u  stimulant  rriher  than  a  deterrent 
for  future  work. 

On  the  other  hund  again,  if  you  consider  the  situation  from  an  engi¬ 
neering  point  of  view,  we  know  that  even  with  metallic  structures  we  shill 
have  our  full  share  of  problems  with  environment  end  functional  require¬ 
ments  -  why  add  materiel  problems  if  they  are  avoidable. 

To  sum  up,  finally:  KSFC's  interest  in  expandable  structures  is  high 
and  real  and  remediate.  As  I  have  shown  we  are  in  the  process  of  brio,  ng 
an  expandable  structure  to  actual  application  and  use,  we  have  found  with 
respect  to  lunar  shelters  that  their  early  versions  can  be  built  ir.  rigid 
forms;  end  we  are  studying  what  requirements  and  possibilities  the  future 
may  bring. 

Maintaining  the  necessary  engineering  realism  we  conclude  that  for 
the  near  future  metallic  structures  appear  the  proper  answer.  The  same 
engineering  realism  makes  us  want,  however,  to  widen  and  deepen  Uk  know¬ 
ledge  in  the  field  of  non-metallic  materials,  Their  potential  is  pro.ni.irg 
and  it  is  an  urgent  need  to  prove  and  to  show  how  much  of  it  can  be  con¬ 
verted  into  the  hard  facts  necessary  for  the  r.lssions  that  lie  ahead  of  us. 
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This  paper  describes  the  investigation  carried  out  by  Hughes  Aircraft 
Company  to  prove  that  Mylar  film  laminates  can  be  rigidized  using  energy 
sources  available  in  outer  space. 

This  study  showed  that  both  infrared  radiation  and  ultraviolet  radia- 
tion  are  practical  methods  for  rigidizing  inflatable  space  structures  (such  as 
Echo  II). 

The  objectives  of  the  program  were:; 

1 .  Small  launch  volume 

2.  Minimum  weight 

3.  Good  pre-launch  shelf  life 

4.  Minimum  auxiliary  equipment 

5.  High  wall  stiffness 

Experimental  Approach 


The  approach  taken  tr  this  program  was  designed  to  take  maximum 
advantage  of  the  space  environment  tn  the  .-(gidization  process.  Four  en¬ 
vironmental  factors  were  considered  foi  this  rigidization  study;  Nameiy, 

(1)  infrared,  (2)  ultraviolet,  (3)  vacuum,  (4)  gamma  radiation.  The  first 
two  were  considered  most  practical  for  this  program. 

The  two  systems  developed  were  an  ultraviolet  activated  polyester 
resin  and  an  infrared  activated  epoxy.  Both  of  these  resin  systems,  com¬ 
bined  with  a  special  lightweight  fabric  reinforcement,  produced  laminates 
as  many  times  as  stiff  as  the  original  Echo  l  Mylar. 

We  tried  to  stay  roughly  within  the  weight  and  size  limitations  of 
Echo  I  but,  as  such  skins  could  be  used  for  many  other  inflatable  structures, 
also,  the  ultimate  in  low  weight  and  package  size  was  not  attempted. 

The  rigidization  process  was  selected  such  that  there  would  be  no 
affect  on  the  structure's  ability  to  withstand  deterioration  between  fabrication 
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and  launch.  It  was  decided  that,  after  fabrication,  the  skin  material  should 
show  only  negligible  changes  in  either  initial  flexibility  or  final  rigidity  in 
storage  for  four  weeks  at  room  temperature  (72  ±2  deg  F),  two  months  at 
30-40  deg  F,  two  weeks  at  80-90  deg  F,  and  three  days  at  120  deg  F.  In 
addition,  vibration-  and  acceleration-resistance  requirements  were  es¬ 
tablished  for  launch  conditions. 

Our  analysis  of  the  proolem  of  an  optimum  structure  showed  that  a 
laminated  design  would  be  most  practical,  and  preliminary  test  results 
pointed  up  the  advantage  of  Mylar  film  iamtnates  containing  catalyzed  resins 
as  interlayers.  Such  laminates  can  be  made  to  cure  to  a  rigid  state  when 
activated  by  some  factor  present  in  the  space  environment  —  no  ground 
triggering  mechanism  is  needed.  The  problem  then  became  one  of  selecting 
the  best  films,  catalyst  systems,  and  fabrication  methods. 

We  developed  three  rigidi2ation  systems,  all  consisting  of  a  lami¬ 
nate  of  *wo  Mylar  skins  (one  clear  and  the  other  aluminized)  and  a  resin- 
impregnated  fabric  interlayer,  all  easily  fabricated  as  thin-skin  laminates 
to  a  high  degree  of  initial  flexibility,  and  ill  storable  for  long  periods  in  the 
catalyzed  condition  'see  Table  I).  For  the  interlayer,  three  types  of  im¬ 
pregnations  were  used: 

1.  an  ultraviolet-ltght-ac:i’.ated  polyester  resin; 

2.  an  ultraviolet- light -activated  combination  of  resin  and 
blowing  agent,  resulting  in  a  plastic  foam; 

3.  a  thermally  activated  epoxy  resin. 

Figure  1  illustrates  the  weights  and  rigtHization  achieved  by  each 
system. 

A  number  of  tests  were  run  to  determine  me  stiffness  of  Mylar-faced 
laminates  cou»a;ning,  at  first  v  irmus  «-icunts  of  several  different  resins. 
We  found  that  a  lamir  it  o'  'om  i«r  ...  imply  .'f  a  l..y  er  -if  resin  jetween  r#o 
Mylai  .aces  was  unsatisf-n ’.o  1  r  one  thin  I  ' v a .•  impossible  to  .%eep 

the  resin  spread  et only;  for  another,  the  fie  a'  al  si  sigt* •  of  '.’.i,-  >ayer  ol 
cured  rpun  was  not  m  ith  great-  r  man  lhai  of  an  equal  tnic  n«s-  of  Mylar 
film. 


Since  it  is  krown  that  a  fabric  -  reinforced  laminate  has  corsideiably 
more  flexural  strength  than  does  an  equal  weight  oi  resin,  we  naxt  tested 
nylon  hosiery  stock  js  the  fabric  reinforcement  between  t/4-mil  Mylar  faces. 
The  results  for  these  extremely  *hin  laminates  corroborated  the  theory. 

To  find  the  rrust  suitable  interlayer  fabric,  we  therefore  tested  some 
44  samples  of  drapery,  hosiery,  lingerie,  and  trimming  fabrics  —  no  indus¬ 
trial  fabric  available  was  light  enough.  A  special  Dacron  marquisette  was 
selected  which  was  0.0044  iu,  thick  and  weighed  0.45  lb  per  1000  sq  ft.*  This 
was  neither  the  lightest  nor  the  thinnest  fabric  but  it  offered  the  best  combi¬ 
nation  of  properties  in  terms  of  handling  strength,  final  rigidity,  weight  nd 
thickness. 

^Marquisette,  n.  A  sheer,  somewhat  lustrous  cotton  fabric;  also  a  sheer 
light  silk  fabric  for  dresses  —  Webster's  New  Collegiate  Dictonary. 


Figure  1.  Hl.,«ra.,nB  the  -eUt.v.  of  the  vam.,  SV8,c,rls, 
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Weight  per 

1000  Sq  Ft  (lb) 

Taber  Stiffness  1 
No.* 

1/2-tml  Mylar  (Echo  I) 

3.6 

0-1/2 

Polyester  laminate 

12.27 

30-50 

Epoxy  lam.  ite 

12.27 

40-60 

Polyester  foam  laminate 

17.5 

75-150 

♦Empirically  equated  to  flexural  rigidity  (in  inch- 
by  0.396  x  10*'. 

pounds)  divided 

Table  1.  Weight  and  st:ffness  o*  inflatable  materials. 

Tests  also  were  carried  out  to  determine  the  resin  or  resins  to  be 
usr-d  in  making  the  laminate.  At  least  one  of  our  systems  was  to  be  actu¬ 
ated  by  ultraviolet  radiation.  Polyester  resins,  all  of  which  can  undergo 
ultraviolet  catalysis,  were  an  obvious  choice.  A  series  of  tests  were  made 
of  the  reactivity  of  various  combinations  of  ultraviolet  catalysts  with  poly¬ 
ester  resins  modified  by  styrene,  dialtyl  phthalate,  and  triallylcyanurate. 

The  styrene  modified  resins  gave  the  highest  flexural  strengths.  Unfortu¬ 
nately,  because  of  the  rapid  vaporisation  of  the  styrene  monomer,  this 
material  is  not  suitable  tot  either  long,  unsealed  storage  or  use  at  high 
altitudes. 

Prolonged  storage  tests  on  the  ground  plus  short  exposures  at  simu¬ 
lated  extreme  altitudes  showed  that  triallyl-cyanurate-monomer-modified 
resins  would  be  satisfactory.  To  get  maximum  strength  from  these  resins, 
we  developed  a  special  ultraviolet-  and  heat-actuated  catalyst  system. 

The  flexible  laminates  were  made  by  impregnating  the  light  fabric 
with  a  solution  of  the  catalyzed  resin.  Upon  loss  of  solvent,  the  resin  then 
firmly  adhered  to  the  l/4-mil  Mylar  faces.  These  laminates  met  all  the 
flexibility,  storage,  and  vibration-  and  acceleration-resistance  requirements 
for  catalyzed,  uncured  materials.  Tests  with  an  ultraviolet  source  showed 
that  they  would  reach  about  80  percent  of  their  full  strength  within  20  minutes 
afte-  the  start  of  exposure.  The  full  strength  was  attained  in  24  hours. 

To  gain  the  ultimate  in  flexural  strength,  we  fabricated  foam-filled 
sandwich  structures,  using  the  same  polyester  resin  system  as  before  but 
with  a  dia/.o  blowing  agent  added  to  it.  Under  ultraviolet  radiation,  the 
blowing  agent  decomposes  and  releases  nitrogen  gas,  causing  the  resin  to 
foam  and,  it  the  same  time,  to  polymerise.  The  resulting  structures  were 
about  four  tunes  as  stiff  as  the  original  laminate;  however,  they  were  also 
about  25  percent  heavier. 

Our  third  laminate,  the  epoxy  resin  system,  equals  the  uncured,  solid 
polyester  system  m  flexibility,  stnrability,  and  all  other  properties,  except 
that  it  has  a  s  mewhat  better  stiffness-weight  ratio  after  curing.  Unfortu¬ 
nately,  about  250  deg  F  is  needed  to  start  the  epoxy  curing  reaction.  This 
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means  that  the  infrared  absorptivity  and  emlssivity  characteristics  of  the 
laminate  skins  must  be  adjusted  to  produce  this  temperature.  Because  two 
different  skins  could  be  used  (clear  and  aluminised  Mylar),  tests  at  UCLA's 
Thermal  Radiation  Lab  showed  it  was  possible  to  arrange  the  configuration 
so  that  the  activation  temperature  could  be  reached  in  either  system. 

Our  final  choices  were  the  two  configurations  using  the  polyester  resin 
and  the  epoxy  resin  (Figures  2  and  3).  Figures  4,  5,  and  6  show  the  change 
in  flexural  rigidity  and  a  tensile  strength  with  temperature  for  these  systems 
after  cure  under  conditions  considered  typical  for  an  inflated  structure  like 
the  Echo  I.  The  increase  in  rigidity  after  on  initial  drop-off  can  be  at.ri- 
buted  to  post-curing  of  the  resin  systems.  The  loss  of  weight  and  strength 
as  a  result  of  high-vacuum  effect*  proved  negligible  in  a  two-week  tea*  perioc 
The  tear  strength  (as  measured  by  the  ASTM  D1004  method),  showed  an  in¬ 
crease  of  about  300  percent  over  that  of  the  Echo  I's  1  /2-mil  Mylar  for  all 
laminated  structures.  These  results  substantially  agree  with  the  data  on 
similar  materials  in  the  literature. 

This  kind  of  ngidization,  we  believe,  can  also  be  appiied  to  th.i  ner 
materials,  which  may  theft  be  used  m  structural  membeis. 

The  use  of  ultraviolet  a«.  a  tigidizing  mechanism  has  a  number  of 
advantages.  They  are. 

1.  An  indefinite  shelf  life  is  available. 

2.  No  activation  mechanism  is  required. 

3.  There  is  no  excess  weight  requirement  such  as  in  the  case 
with  a  solvent  boil-off  system  or  a  gelatin  system. 

4.  No  gaseous  catalysts  are  required. 

5.  The  resins  are  commercially  available  and  inexpensive. 

The  two  possible  drawbacks  to  U-V  cured  systems  are:' 

1.  U-V  source  must  be  available,  i.  e. ,  sun  orientation  is 
required. 

2.  Long  time  U-V  exposure  may  cause  further  degradation  of 
the  polymer  film. 

With  respect  to  the  second  point,  it  has  been  pointed  out  by 
Or.  Pezdirtz  of  NASA  Langley  and  others,  that  in  many  cases  the  space 
structure  being  rigidized  may  be  coated  with  aluminum  on  one  side  (such 
as  a  solar  concentrator).  Thus  the  aluminized  surface  will  serve  to  block 
farther  U-V  degradation. 

Another  proposed  technique  to  increase  the  U-V  resistance  would  be 
the  incorporation  into  the  system  of  a  material  having  a  variable  U-V 
absorptivity.  This  material  would  have  a  low  initial  U-V  absorptivity  which 
allows  U-V  catalyzation,  and  after  a  short  period  changes  to  a  nigh  U-V 
absorptivity  acting  as  a  protective  agent. 
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MINIMUM  -55 


Figure  3.  Configuration  u.ed  for  infrared  activated  resin 


trIO  srio 


Figure  4.  Flexural  rigidity  of  U.  V.  activated  polyester 
laminates  at  various  temperatures. 


FLEXURAL.  RIGIDITY 

POLYESTER-  ULTRAVIOLET  ACTIVATED 


FLEXURAL  RIGIDITY 
EPOXY -THERMAL  ACTIVATED 

Figure  5.  Flexural  rigidity  of  thermally  activated  epoxy  laminates 
at  various  temperatures. 
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TENSIL.fi:  STRENGTH  POLYESTER  -ULTRAVIOLET 


Such  a  material  has  been  described,  and  is  commercially  available. 

The  compound  resorcinol  monobensoate  does  not  absorb  ultraviolet  radiation 
until  it  has  been  exposed  for  some  time  to  U-V. 

Thus,  a  fresh  0.006  percent  solution  of  resorcinol  monobensoate  in 
isopropyl  alcohol  transmits  60  percent  or  more  light  above  290  nip,  but 
after  16  hours  this  wave  length  is  increase'*  .o  360  mp.  Hie  ultraviolet  light 
may  be  causing  rearrangement  of  the  resorcinol  monobensoate  to  2,  4- 
dillydroxybenzophenone,  a  good  inhibitor  against  UV  damage.  Theoretically, 
the  resorcinol  monobenzoate  would  have  to  be  separated  from  the  resin, 
since  phenolic  materials  tend  to  inhibit  polymerization  of  the  polyester  resin. 
However,  in  a  test  of  a  U-V  catalyzed  resin  containing  t  percent  of  resorcinol 
monobenzoate,  there  appeared  to  be  no  cure  inhibition  at  all.  At  the  time  of 
writing  tests  are  being  conducted  on  such  materials  to  determine  the  effect 
on  U-V  degradation. 

The  principal  disadvantage  to  the  use  of  an  infrared  activated  system 
(which  could  be  made  very  ultraviolet  resistant)  is  the  fact  that  for  activation 
a  fairly  high  surface  temperiture  is  required.  This  then  presupposes  a  sur¬ 
face  which  has  a  relatively  high  absorptivity  and  a  low  emmissivity.  Un¬ 
fortunately,  such  a  structure,  after  rigidization  is  complete,  would  remain  at 
the  high  temperature  unless  a  coating  was  developed  with  a  variable .  Such 
a  coating  would  be  used  to  initially  result  in  a  high  surface  temperature  and 
later  would  change  to  a  tow  surface  temperature.  This  would  result  in  in¬ 
creased  strength  in  the  structure  as  well  as  cooler  internal  parts,  better 
liveability,  etc.  Such  a  development  would  then  make  practicable  the  utili¬ 
zation  of  a  thermally  activated  system  such  as  the  epoxy  or  a  heat  activated 
polyester  resin  or  polyurethane  foam.  Hughes  Aircraft  Company  is  currently 
investigating  variable  coatings. 

A  third  procedure,  in  which  only  moderate  temperatures  are  required, 

•  ould  be  to  use  an  initiator  which  decomposes  at  a  relativelv  low  temperature. 
Thii  substance  would  inmate  the  decomposition  of  a  free  radical  source  such 
as  benzoyl  peioxide  which  would  cause  polymerization  of  a  pci, c iter  resin. 
Such  an  initiator  may  be  a  compound  like  azobisisobutyronitnle  which  de¬ 
composes  at  140  to  190°F.  With  a  surface  having  an  -2E-  ratio  which  would 
assure  the  attainment  of  these  temperatures,  the  structure  could  be  allowed 
to  remain  at  that  temperature  will  jut  loss  in  strength.  By  this  system,  good 
ultraviolet  protection  could  be  obtained  from  the  coating  designed  to  reach  the 
required  temperatures.  Tests  would  be  required  to  det  jrmine  what  storage 
life  is  available  from  such  a  system. 

The  successful  development  of  either  or  both  of  these  systems  to 
resist  successfully  space  environment  deterioration  could  then  lead  to  a  con¬ 
siderable  increase  in  the  utility  of  expandable  structures. 

It  is  hoped  that  other  investigators  will  explore  the  further  application 
of  heat  and  ultraviolet  rigidized  space  structures. 

NOTE: 

This  work  was  sponsored  in  part  by  the  NASA  Langley  Research  Center 
■mder  Contract  NAS1-847. 
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I.  PHYSICAL  DESCRIPTION  OF  EXPANDED  MESH 
A.  Expanded  Mesh  Fabrication 

Expanded  mesh  is  fabricated  from  sheets  or  coils  of  material  with 
no  waste, 

A  typical  example  of  the  magnitude  of  expansion  would  be  as 
follows: 

Parent  Material:  ,003"  thick  aluminum  foil  one  foot  square. 

Expanded  Material:  an  expanded  product  with  94%  open  area  with 
a  strand  width  of  0.010"  would  be  one  foot 
wide  could  be  6  to  12  feet  long. 

Many  materials  can  be  expanded.  Some  examples  are  shown  in 
Table  I. 


Metals:  Aluminum 

Lead 
Brass 
Copper 
Silver 
Platinum 
Nickel 
Steel 


Non-Metals:  Polyethylene 

Teflon 

Any  plastic  that  is  not  brittle 


Laminates  of  Metals  and  non-metals 


TABLE  I.  MATERIALS  THAT  CAN  BE  EXPANDED 
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The  expanding  process  utilizes  the  entice  sheet  of  material  that 
reaches  the  expanding  dies,  that  is,  there  la  no  waste,  no  blanks  or 
punched  out  parts. 

The  expanded  mesh  Is  simultaneously  silt  and  stretched  by  the  shaped 
dies.  The  shaped  dies  determine  the  dimensions  of  the  openings  to  the  mesh. 

An  understanding  of  the  process  can  t>  -  obtained  by  studying. 

Figure  I. 

Special  desired  characteristics  of  the  finished  material  can  be 
obtained  by  varying  the  SWD,  1WD,  strand  width  and  feed  material  thickness, 

IMP  -  Long  way  of  the  diamond  -  measured  f roe  the  center  of  one 
joint  to  the  center  of  the  next  joint.  This  distension  Is  determined  by 
the  dies. 

SWD  -  Short  way  of  the  dlaatond  -  measured  from  center  to  center  of 
the  joints  in  the  machine  direction.  This  dimension  can  be  changed 
slightly  by  adjusting  the  vertical  travel  of  the  dies.  The  maximal  SWD 
is  twice  the  die  depth  minus  twice  the  material  thickness. 

Strand  Width  -  The  strand  width  is  the  width  of  the  material  that  is 
slit  from  the  original  material  with  each  pass  of  the  dies.  The  strard 
width  is  usually  equal  to  or  greater  than  the  original  material  thickness. 

Original  Material  Thickness  -  The  original  metal  thickness  becomes 
the  strand  thickness.  Thus  the  weight  of  a  particular  mesh  configuration 
is  directly  proportional  to  the  original  material  thickness.  The  general 
range  is  micro  mesh  for  this  dimension  is  from  .001"  to  .010". 

Some  of  the  possibilities  are  illustrated  in  Table  Z. 

TABLE  II 

HOW  TO  OBTAIN  SPECIAL  CHARACTERISE  uUS  IK  EXPANDED  MESH 

Change  the  following  item  as  indicated 


Desired 

Characteristics 

SWB 

LUD 

Strand 

Thickness 

Material 

Thickness 

Strength 

Decrease 

Decrease 

Increase 

increase 

Reduce  Weight 

Increase 

Increase 

Decrease 

Decrease 

Increase  Rigidity 

(slight  effect) (slight 
effect) 

(large 

effect) 

(large  effect) 

Decrease 

Decrease 

Increase 

Increase 

Radar  Reflectivity  Adjust 

Adjust 

Increase 

Increase 

low  Drag 

Ineiense 

Increase 

Negligible 

Large-effect 

F.  Possible  Finishing  Operations 

Different  applications  will  require  different  configurations,  the 
basic  adjustments  that  can  be  made  have  been  discussed  in  Section  1A, 
however,  other  finishing  operations  are  available. 
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1.  Boiling 

The  mesh  can  be  tolled  flat  as  shown  in  Figure  2 


i'iCURE  2 

EXPANDED  MESH  ROLLED  FLAT 


2.  Coating 

A  coating  can  be  applied  easily  by  a  dipping  process. 

Coatings  could  be  applied  to  enhance  appearance,  to  obtain 
thermal  properties,  or  to  obtain  corrosion  resistance. 

Vehicle  Construction 

Most  applications  of  the  expanded  metal  either  as  radar  reflector 
or  in  other  applications  have  and  will  require  seams  so  that  spheres, 
cylinders,  etc.  of  the  proper  sire  can  be  fabricated  from  flat  pieces 
of  the  mesh  material. 

The  most  readily  apparent  method  of  erecting  these  structures 
is  by  inflation. 

Inflation  requires  a  membrane  to  nild  the  inflation  gas  or 
vapor  from  escaping  during  the  inflating  process.  Polypropylene  and 
Mylar  plastic  films  would  be  logical  choices  for  the  inflation 
membrane  material.  Some  of  the  factors  affecting  Polypropylene  and 
Mylar  films  have  been  investigated  by  Viron  under  Contract  NAS  5-1888 
of  the  NASA.  Some  of  the  results  of  these  investigations  are  discussed 
below: 

1,  Physical  Characteristics  of  Mesh  and  Laminate 

The  weight  and  dimensions  of  tne  meshes  and  their  laminates 
being  used  was  experimentally  determined  and  are  shown  in  Table 
III.  A  template  was  used  lo  give  consistent  accurate  sample  sizes. 
Weights  were  established  to  within  one  per  cent.  The  weight  and 
dimensions  of  mesh  and  laminate  will  vary  some  from  batch  to 
batch  and  within  a  hatch  because  of  manufacturing  tolerances  on  the 
mesn  and  the  film,  the  variation  of  the  amount  of  adhesive  used  in 
the  lamination,  and  the  variation  of  tensions  during  the 
laminating  process, 
a.  Thermal  Shock  and  Flexure  Test 

TWo  sets  of  samples  were  prepared  for  the  thermal 
shock  test.  Each  set  consisted  of  six  samples  of  each 
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0.2  mil  Polypropylene! 145  3  4  ,150  53.8  0,00532  324 


mesh  laminate,  iwo  samples  with  single-taped  seams,  and 
two  tables  with  double-taped  seams.  The  samples  were 
placed  between  wire  screen  and  successively  submerged 
In  liquid  nitrogen  (-195,5°C)  and  boiling  water  (+!90°C). 

The  test  was  continued  for  a  total  of  thirteen  cycles, 
each  cycle  consisting  of  a  submersion  of  S  minutes  in 
nitrogen  and  S  minutes  in  boiling  water.  After  completing 
the  thirteen  cycles  the  samples  were  allowed  to  sir  dry. 

The  samples  were  inspected  under  a  microscope.  Ho 
breaking,  cracking,  or  delamlnation  was  observed.  Some 
discoloration  end  some  wrinkling  was  evident  on  all  of  the 
samples.  The  taped  seam  did  not  crack,  break,  or  discolor. 

Xts  mechanical  strength  was  not  degraded. 

Two- inch  wide  flexure  test  strips  were  clamped  around 
an  8*'  aluminum  ring.  Samples  were  submerged  25  times  for 
ten  seconds  alternately  in  water  and  liquid  nittogen.  No 
cracking,  breaking,  or  de lamination  of  samples  occurred. 

Slight  discoloration  and  wrinkling  was  observed. 

b.  Seam  Construction 

1)  Method  oi  constructing  seams  lor  the  mesh  laminate 
material  are  currently  under  investigation.  The 
normal  seam  construction  used  with  the  plastic 
portion  of  the  laminate  will  probably  yield  sufficient 
strength. 

D.  Sphere  Construction 

Utilising  a  taped  seam  construction,  eight  one  meter  spheres 
and  five  12*s  toot  spheres  have  been  constructed  and  structurally  tested. 

Some  of  the  test  results  are  summarized  in  Table  IV. 

TABLE  IV 


AVERAGE  STRAIN  IN  PERCENT  OF  HILAR  MESH 

LAMINATE 

SPHERES 

Strain  Location 

Sphere  Skin  Stress 

' 

4000  PSI 

8000  PSI 

Ultimate 

Longitudinal 

Equator 

0.91 

1.63 

3.45 

45°  up  from  Equator 

0.87 

1.55 

2.97 

On  Core  Adjacent  to 

Polar  Cap 

0.73 

1.15 

2.20 

Transverse 

Equator 

0.57 

1.20 

3.51 

45°  up  from  Equator 

0.61 

1.24 

2.90 

On  Gore  Adjacent  to 

Polar  Cap 

0.82 

1.23 

2.47 

Circumferential 

Equator 

0.41 

0.81 

2.17 

Polar 

0.46 

0.81 

1.68 
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this  work  illustrates  that  a  mesh  sphere  vehicle  can  be  manufactured 
using  either  Mylar  or  Polypropylene  plastics. 

E.  Packing  Density 

Measurements  of  displaced  volume  have  been  made  on  folded  12^ 
foot  spheres  fabricated  with  #2-1145  -  0.15  mil  mylar  mesh  laminate. 

The  folded  spheres  were  placed  in  polyethylene  bags,  evacuated,  and 
sealed  to  approximate  a  packing  pressure  of  one  atmosphere.  Thr 
experiment  resulted  in  a  packing  deusity  of  .00369  cubic  inches  of 
displaced  volume  for  each  square  inch  of  surface  area.  Extra¬ 
polation  of  this  figure  to  a  135  foot  sphere  gives  a  volume  of  17.4  ft, 
for  a  mylar  mesh  laminate. 

Both  mylar  mesh  laminate  and  polypropylene  mesh  laminate  have  also 
been  stacked  and  subjected  to  pressure.  Plots  of  thickness  per  layer 
with  pressure  arc  shown  in  Figure  3. 

Polypropylene  mesh  laminate  occupies  from  55  to  70Z  of  the  volume 
of  mylar  mesh  laminate.  A  conservative  volume  estimate  for  a  135 
toot  polypropylene  sphere  based  on  this  information  is  12.25  ft.  , 

One  would  expect  that  135  foot  sphere  can  be  folded  and  packed  in  a 
volume  from  85X  to  95H  of  the  extrapolated  volume  based  on  measure¬ 
ments  made  on  a  12^  ft.  sphere.  Applying  this  factor  results  in  a 
balloon  volume  estimate  fo*  a  135  foot  polypropylene  mesh  laminate 
sphere  of  11.0  cubic  feet. 

Calculations  of  canister  radius  versus  factored  balloon  volume 
for  various  balloon  stack  heights  have  been  made.  This  family  of 
canisters  is  included  in  figure  4. 

An  estimate  of  the  necessary  canister  radius  for  a  135  foot 
polyester  sphere,  assuming  a  balloon  stack  height  of  10  .nches  is 
s’ightly  less  than  25  inches. 

It  is  thus  adequately  demonstrated  that  the  expanded  aluminum 
ciash  cm-  be  used  to  manufacture  spheres  which  can  be  used  as  radar 
reflectors. 


II.  EXPANDED  MESH  AS  A  RADAR  REFLECTOR 


A.  ASD  Testing 

Considerable  testing  has  been  accomplished  by  ASD  to  determine 
the  efficiency  of  Metal  Grid  Spheres  as  Reflecting  Bodies,  ASD 
technical  note  bl-85  dated  November  1961  by  YLO  E.  Stabler  reports 
that  "As  Passive  Reflectors,"  Grid  Spheres  can  replace  full  metallic 
surface  spheres  as  long  as  the  mesh  dimensions  are  kept  smaller  than 
1/8  of  the  communication  wave  length. 

The  testing  reported  on  in  the  above  study  was  conducted  with 
an  18  inch  Painted  Grid  test  sphere  or  a  22-3/4  inch  sphere  covered 
by  a  grid  of  thin  wires,  primarily,  ,010  inch  in  diameter. 

Viron  has  conducted  limited  tests  12i  ft.  diameter  mesh  spheres 
under  contract  HAS  5-1888.  The  results  were  inconclusive  and  this 
is  an  area  where  additional  efforts  definitely  required. 
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Canister  Radius  -  Inches 


Packing  Prc**urp  (PSI) 


CANISTER  RADIUS  VS,  BALLOON  TOR  135  FOOT  SPHERE 


MGtlKE  4 
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Ill,  EXPANDED  MESH  RIGIDITY 


It  is  essential  that  the  "ash  vehicle  attain  a  designed  shape  and 
then  retain  that  shape  for  the  flight  design  period.  This  end  issult  can 
be  accomplished  in  the  case  of  the  mesh  laminate  construct!'  because 
of  the  fact  that  any  metal  the1*  would  be  of  Interest  as  a  radar  reflector 
will  have  a  yield  pt.  that  can  be  exceeded  by  some  method  of  internally 
pressurising  the  mesh  structure. 

Once  this  yield  point  hao  been  exceeded  the  geometric  shape  is 
essentially  fixed  as  long  as  the  vehicle  is  operating  in  the  environment 
of  space  and  has  been  properly  designed  to  withstand  the  forces  of  solar 
pressure,  atmospheric  drag,  micrometeorites  impacts. 

The  following  discussion  is  directed  toward  comparing  “he  stiffness 
of  the  expanded  aluminum  mesh  laminate  with  other  materials  such  as  the 
metallized  mylar  used  in  Echo  I  and  the  aluminum  foil,  mylar,  aluminum 
foil  laminate  used  in  Echo  It. 

A  simple  cantilever  beam  of  length  1  end  loaded  with  a  load  W  has 
a  maximum  deflection  of  W1-*  where  E  Is  the  modulus  of  elasticity  of  the 
3  El 

material  and  I  Is  the  amount  of  inertia  of  the  croas  section  with  r.  spect 
to  its  neutral  axis.  The  El  product  occurs  in  the  denominator  foe  the 
deflection  expression  of  many  other  beams  with  more  complex  leadings  and 
supports.  Since  deflection  is  the  inverse  o*‘  stiffness,  and  deflection 
is  inversely  proportional  to  the  El  product,  the  El  product  of  any  con¬ 
struction  can  be  used  as  a  criteria  of  stiffness. 

The  El  product  of  the  mesh  laminate  and  Echo  I  and  A- 12  materials 
was  first  determined  analytically.  It  was  also  determined  experimentally 
and  compared  with  its  analytical  value. 

The  mathematical  determinatin''  of  the  El  product  of  mesh  material 
bt comes  complex  since  it  is  not  homogeneous  or  isotropic.  Dimensions 
and  physical  -roperties  of  mesh  laminate  f-hangc  from  point  to  point. 


FIGURE  5 
GENE  RAT,  MESH 
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For  the  general  mesh  we  can  say  that 
El  «  f  (  8,  \lt  X2,  ...Xn) 

Where  6  is  the  direction  along  which  the  EZ  product  is  determined,  and 
Xu  is  the  nth  prameter  of  the  mesh  which  affects  stiffness. 

Only  two  cases,  8  «  0  (or  180°)  and  fc»90°  (or  270°)  are  considered 
in  the  analysis.  The  stiffness  in  one  direction  is  the  same  as  that 
180°  from  it.  The  direction  when  8=0  (or  180°)  is  referred  to  as 
the  transverse  direction  LUO  (long  Way  of  the  Diamond) ;  the  machine 
direction  SWD  (Short  Way  of  tor  Diamond)  is  the  direction  8  =  90°  (or  270°). 

The  analysis  performed  is  based  on  a  series  of  corrections  to  the  ideal 
mesh.  The  results  will  be  a  reasonable  approximation  ot  stiffness  since 
the  mesh  laminate  is  not  a  homogeneous  isotropic  material. 

Consider  first  a  perfect  lamination,  1.  e.,  the  lamination  is  of 
constant  thickness  (parallel  surfaces),  and  the  strands  have  rectangular 
cross  sections  and  are  not  twisted  or  bent.  (See  Figure  8.) 


Neutral 

Axis 


Film  (2)  of 
thickness  t 


-3 


-  I- 


Strands  of 
width  d 
and  thickness 


”IGURE  b 

PERFECT  LAMINATION 


The  moment  of 
is  given  bvs 

I  » 

The  moment  of 
of  strands  is: 

I  - 


inertia  of  a  rectangular  cross  section  of  the  mesh  alone 


inertia  of  a  1"  wide  strip  of  mesh  with  N  integral  masher 


The  El  product  for  the  perfect  mesh  alone  is  then 
eAL  f»l2bd3) 


The  moment  of  Inertia  due  to  the  film  is: 

I  =  2  (Ic  +  Ax2) 

Where  IQ  =  the  moment  of  inertia  of  one  side  of  the  film  about  its 
own  neutral  axis,  A  =  area  of  one  side  of  film  1"  wide,  and  X  »  ^  ^  t. 
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The  El  product  for  two  films  is  therefore 


2Efilm  fIo  + 


The  siw  of  tlu-se  rwo  terms  is  the  El  product  for  the  perfect 
mesh  laminate: 

=  ral  <n  \2  bd3>  *  25  ma  <*o  + 


The  actual  mesh  l.'.minate  differs  from  the  configuration  assumed  for 
the  perfect  lamination.  Three  corrections  are  made  to  the  expression 
for  the  (ET)Totai  product  to  account  for  the  dhsensional  difference  between 
actual  and  perfect  mesh  configurations. 

Each  strand  in  the  mesh  was  assumed  to  be  parallel,  1.  e.,  not 
twisted.  This  is  not  always  the  case;  the  strands  assume  an  angular 
position,  0,  within  the  mesh.  This  angular  position  in  some  cases 
increases  and  fn  some  decreases  the  El  products  of  the  mesh. 

The  moment  of  iuertla  with  mesh  strands  at  an  angle  0  is  given  by: 


-  M  [  Ix  +  A  tan  0)2  cos2  0  +  Iy  +  A^)2 

sin2  0  +  P  +  A  (i)2  tan  0  sin2  0  1 
2  '-i 

Where  N  =  Number  of  strands  per  inch  of  rjesh 
A  -  "tos  :  Sectional  ea  of  the  strand 
a  *  St  rand  Thickness 

Yx  =>  Moment  about  neutral  x  axis  of  a  strand 
Iy  «  Mment  about  neutral  y  axis 
0  =  Angle  that  mesh  deviates  from  ideal  case 

PXy  >  Product  of  Inertia  =*  0  for  all  mesh  cases 


Microscopic  examination  of  the  laminate  shows  the  cross  section  of 
the  strand  to  vary  frm  point  to  point.  These  variations  cause  changes  in 
the  moment  of  inertia  of  the  mesh.  Also,  many  nicks  exist  perpendicular 
to  the  otrand  length  which  also  reduce  the  stiffness.  It  is  estimated 
that  these  mechanical  variations  reduce  the  mesh  stiffness  by  10  per  cent. 
This  arbitrary  correction  is  introduced  in  the  stiffness  calculation. 

The  film  is  purposely  laminated  to  a  different  configuration  than 
shown  as  the  ideal  mesh.  An  approximation  to  the  film  is  shown. 
Imperfections  such  ss  high  points,  low  points,  and  wrinkles  exist  with 
present  techniques  of  laminating. 
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Film  FIGURE  7 

APPROXIMATE  FII*i  CONFIGURATION 

The  actual  El  for  the  films  can  be  expressed  in  terms  of  the  LIWD 
and  SWD  of  the  mesh.  The  El  product  in  the  transverse  direction  iss 

Transverse  EIf  llffl  =  |n)  ^  SWD  t3  2  ^  3  -\2  b2b23))  Eftlffl 

Transverse  EIflbl  _  ^  jLi-  t3  +  2  4  (.15)  (SWD)+t]  (d  +  t)3 

-i|  (SWD)  (j»J  Efilm 

Where  t  »  film  thickness 
d  =  strand  width 
SWD  =  Short  Way  of  Diaw>nd 
LWD  =  Long  Way  of  Diamond 

The  El  product  in  the  machine  direction  can  be  found  with  the  above 
equation  by  substituting  LWD  for  SWD. 

Table  II  shows  the  calculated  values  of  stiffness  and  comparative 
ratios.  Calculations  were  carried  out  for  both  the  transverse  and  machine 
direction  for  each  mesh  laminate  and  expressed  in  units  of  lb.-in^/in. 
Numerical  values  used  for  computation  are; 

E  Mylar  ■»  0.6  x  106  lb. /in.2 

E  Polypropylene®  0.15  x  10b  lb. /in. 2 

EAt  »  10  x  106  lb. /in2  (both  1145  and  5052  alloy) 

t  =  30°  for  both  #  1  and  #  2  mesh  in  5052  alloy 

and  #8C  in  1145  alloy,  and  45°  for  both  #  1 
and  #  2  mesh  in  1145  alloy. 
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The  first  approach  tried  to  expo rirr.cn tally  determine  stiffness 
was  the  cantilever  beam  method,  A  1"  x  6"  strip  was  fixed  in  a  horizontal 
position  by  clamping  two  inches  on  one  end.  The  measured  vertical 
deflection  caused  by  its  own  weight  could  be  used  to  determine  the 
experimental  El  product.  This  method  was  discarded  because  the  test 
strip  would  not  lay  flat  enough  to  obtain  accurate  measurements  of 
deflection. 


The  second  method  used  was  a  ring  deflection  method.  This  method 
consisted  of  cutting  1"  x  6"  sample  strips  of  each  type  of  material  in 
the  transverse  and  machine  direction.  Each  sample  was  formed  into  a 
circle  or  ring  of  6"  circumference  and  joined.  Each  sample  was  hung 
over  a  straight  stiff  wire  mounted  horizontally.  Another  small  length 
of  wire  formed  the  lead  and  was  placed  in  the  bottom  of  the  ring  180° 
from  the  top  suspension  point.  The  weight  of  the  load  wire  caused  the 
ring  to  take  an  cliptlcal  shape.  Measurements  of  the  major  and  minor 
diameters  were  made  to  the  nearest  1/16  inch.  These  measurements  were 
subtracted  from  the  original  diameter  to  obtain  Dx  and  Dy,  the  changes 
in  horizontal  and  vertical  diameters,  respectively.  The  vertical 
radial  displacement  of  the  ring  is 


1  D 

2  y 


WR3 

2EI 


1 


(siniO1 


<]-<  +•§  sin”* 


COS 
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Hie  horizontal  radial  displacement  at  the  midpoint  of  the  ring 
between  leads  is 
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Where 


W  =  lead  Weight 


-  _c£cos^ 
(silled 
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R  =  Radius  of  Ring 

o^=  1/2  the  angle  between  the  applied  leads 

In  our  case,  ^  W  =  1.81  x  10‘3  lb,  R  =>  ,952".  Therefore, 

2 

to  find  the  El  product  of  our  sample  rings,  these  equations  reduce  to: 

2.135  x  10~5  lb  in2/in. 

Dx 

El  2.315  x  10~4  lb  in2/ in. 


For  each  ring  two  calculations  of  El  were  made,  one  using  Dy  and  one  using 
D*.  Three  rings  were  constructed  for  each  material  giving  six  values  for 
the  EZ  product  for  each  type  of  material  in  each  direction.  The  six  values 
for  each  El  product  were  averaged  and  recorded. 

The  above  values  are  not  corrected  for  deflection  of  the  ring  caused 
by  its  own  weight.  The  stiffer  the  material  the  smaller  will  be  its 

(1)  "Formulas  for  Stress  and  Strain,"  by  Raymond  J.  Roark,  page  153, 
case  No.  9. 


-  393 


deflection  caused  by  its  own  weight. 

This  curve  was  constructed  item  ten  external  lead  measurements 
nude  on  temple  rings.  The  stiffest  material  measured  had  no  observable 
deflection  under  zero  external  load.  Corrected  experimental  EZ  products 
are  shown  in  Table  VH. 

The  ring  deflection  net hod  was  also  used  to  find  the  experimental 
value -j  of  the  EZ  product  of  A12  material.  Th  same  experimental  equations 
apply  when  the  right  hand  side  is  multiplied  ty  the  factor  of  (1  -  uz) 
where  u  ■  Poisson's  Eatio.  The  analytical  determination  method .for 

the  Al2  material  converted  the  alfinum  to  an  equivalent  in  Mylar.'2 3' 

The  following  equations  were  used  for  the  conversion: 


\2  “*Mylar  +  Ief£ 


WhtiJ  t  a  Thickness  of  aluminum 
tj  >  thickness  of  Myl** 
b  •  -  equivalent  width  of  aluminum 

bc  "  Eal  hi 
EMylar 

bj  a  width  of  sample  ring 

Zt  was  found  that  Echo  Z  material  (0.5  mil  metallised  Mylar)  is  not 
stiff  enough  to  use  the  ring  method  for  determination  of  ita  stillness. 

The  results  of  all  calculation#  and  their  ratios  are  included  in 
Table  V.  A  plot  of  analytical  to  experimental  stiffness  values  is  shown 
on  Drawing  Figure  10. 

Both  the  analytical  and  experismntal  calculations  show  that  #  1  mesh 
5052  alloy  gives  the  stiffest  caablnatlon.  the  rest  of  the  material  com¬ 
binations  axe  closely  grouped.  It  is  suspected  that  not  all  variables 
have  been  accounted  for  in  the  analytical  determination  of  stiffness  of  the 
mesh  materials.  He  feel  that  the  experimental  measurements  axe  more  realistic 
of  the  actual  material  stiffness. 


(2)  "Formulas  for  Stress  and  Strain,"  by  laymond  J.  Roark,  page  121, 

Section  36. 

(3)  "Mechanics  of  Materials,  "Miller  and  Doeringafeld,  Section  10-6 
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V.  EXPANDED  MESH  POTENTIAL 


The  potential  ot  expanded  aluminum  mesh  as  a  material  for  use 
in  inflatable  rigidizing  radar  reflective  devices. 

An  optimized  material  tor  inflatable  rigidizing  radar  reflective 
device  must  fulfill  certain  criteria. 

A  summary  ot  some  ot  the  most  important  are  as  follows: 

A.  Light  weight  -  Table  ill  illustrates  that  the  3  mil  x  6 
mil  mesh  by  itself  would  weigh  less  than  the  Echo  I 
sphere  material.  It  would  be  very  advantageous  to 
determine  hew  to  erect  the  vehicle  without  a  plastic  bladder. 

It  would  appear  to  be  logical  that  progress  can  also  be  made 
toward  reducing  the  material  weight  by  reducing  its  original 
thickness.  If  one  mil  thick  material  C'uld  be  expanded  with 
a  strand  width  of  3  mils  then  the  weight  shown  in  Table  III 
would  be  reduced  by  a  factor  of  sik. 

Thus  a  135  ft.  diameter  satellite  would  weigh  only  22.5 
lbs.  which  would  be  9.77.  of  an  equivalent  sized  Echo  I  weight, 
and  4.757.  of  the  Echo  II  weight. 

If  a  plastic  bladder  is  required  it  is  obvious  that  it 
must  be  as  light  as  possible. 

B.  Rigidity 

Even  if  a  plastic  bladder  is  necessary  the  mesh  material 
has  the  advantage  over  metallized  plastics  of  rigidity.  Table 
V.  Illustrates  this.  This  table  also  shows  that  the  mesh 
material  is  more  rigid  than  the  Echo  It  material. 

The  shape  of  the  mesh  is  ideal  for  rigidity  because  of  the 
large  effect  that  necessary  strand  width  has  on  maximizing 
the  El  product.  This  can  be  seen  in  Figure  1. 

C .  Open  Area 

Open  ares  is  very  important  because  it  reduces  the  effects 
of  solar  pressure  and  molecular  drag  forces.  The  expanded  mesh 
can  obtain  open  areas  as  high  as  9b7.  with  one  rail  original 
material  thickness.  This  would  result  in  1/5  the  drag  and 
buckling  force  which  would  result  from  907.  open  material, 

D.  Long  Space  Life 

No  significant  deterioration  due  to  space  environnusst  can 
be  envisioned  for  the  expanded  aluminum  mesh. 

E.  Fabrication  Capability 

The  'xpanded  mesh  material  is  available  and  has  been 
experimentally  used  in  spheres  up  to  12%  feet  in  diameter. 
Folding  and  packaging  tests  etc.  have  been  performed.  No 
major  fabrication  developmental  problems  remain  unsolved. 


EXPANDABLE  FOAM-IN-PLACE  SHELTEHS  AND  RELATED  ITEMS 


Jack  F.  Furrer 

U.  3.  Army  Natick  Laboratories 


While  the  work  on  expandable  structures  to  be  presented  here  does  not 
deal  with  aerospace  application,  I  believe  that  it  is  of  sufficient  interest 
to  uirrcnt  your  consideration  for  potential  application  in  this  area. 

The  U.  S.  Army  Natick  Laboratories  became  heavily  involved  in  foam 
plastic  dove;  >;»-ent  in  1955  when  it  entered  into  a  program  to  develop  foam 
plastic  energy  dissipetors  for  Aerial  Delivery  application.  In  195&,  it 
became  apparent  that  the  high  strength  polyurethane  foams  also  had  potential 
as  a  structural  insulating  material  for  shelters.  Starting  at  that  time  and 
continuing  until  fairly  recently,  a  number  of  shelters  of  varying  sizes  and 
configurations  have  been  producted  by  conventional  spray  equipment.  The 
purpose  of  this  work  was  to  establish  the  design  criteria  necessary  for  shel¬ 
ters  to  be  produced  by  simpler  means.  One  of  the  results  of  this  work  was  a 
preliminary  stress  analysis  of  foam  plastic  shelters,  which  is  utilized  to 
estimate  the  basic  physical  and  mechanical  parameters  for  various  sized 
shelters.. 

It  was  realized  early  in  the  program  that,  unless  the  process  was 
extremely  simple  and  foolproof,  itB  utilization  would  be  severely  restricted. 

A  thorough  evaluation  of  the  problems  led  to  the  formulation  of  the  concept 
of  a  self-propagating  solid  foaming  sheet.  This  was  visualized  as  a  solid 
resinous  system  whicn  was  composed  of  finely  divided  particles  bonded  together 
to  form  a  flexible  sheet  and  fabricated  in  the  final  shelter  foam.  This 
formed  sheet  would  be  inflated  by  air  or  by  gases  from  th*'  chemical  reaction.. 
Heat  applied  in  one  area  would  initiate  the  reaction  and  self -propagation 
would  result  in  rapid  foaming  and  setting  within  a  short  period  of  time. 

Encapsulation  of  the  active  components  was  considered  and  rejected  because 
of  danger  of  accidental  triggering,  cost.,  and  inability  to  handle  material  such 
as  TDI.  Effort  was  then  devoted  to  the  new  area  of  blocked  isocyanate  adducts. 

A  contract  with  General  Mills  resulted  in  a  number  of  moderately  stable 
solid  wCsr-Goitiunt.;  however,  the  heat  required  for  unblocking  and  reaction 
initiation  was  far  in  excess  of  that  available  in  the  field. 

At  this  point,  the  program  funding  was  picked  up  by  Canada  under  the  U.S.- 
Canadian  Development  Snaring  Program.  A  contract  was  negotiated  with  Ontario 
Research  Foundation  to  establish  the  feasibility  of  a  foaming  sheet. 

Initially,  attention  was  concentrated  on  the  continuation  of  work  started 
by  General  Mills  since  urethane  foam  technology  was  well  advanced,  and  they 
produced  foams  with  desirable  properties.  Again,  however,  attempts  to  obtain 
fonmhble  compositions  that  were  both  exothermic  and  storage  stable  at  normal 
ambient  temperatures  were  unsuccessful.  At  this  point,  a  thermodynamic  study 
convinced  us  tout  xt  was  not  pusoible  to  obtain  highly  exothermic  reactions 
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from  this  class  of  materials.  Combinations  of  Isocyanate  adducts  and  poly¬ 
epoxides,  which  theoretically  should  be  highly  exothermic,  also  yielded  no 
useable  foam  compositions . 

Attention  was  then  directed  toward  systems  based  upon  epoxide  amine 
condensation  reactions,  and  a  number  of  compositions  were  developed  which 
were  highly  exothermic.  Initiation  temperatures  range  from  l60°F.  up,  and 
peak  exotherms  as  high  as  5Q0°F  were  recorded. 

In  general,  these  formulations  are  composed  entirely  of  solid  components 
in  the  form  of  free  flowing,  finely-divided  powdero..  They  yield  rigid  foams 
with  essentially  closed  cell  structure  in  density  ranges  of  2-5  lbs/cu  ft. 

The  compressive  strengths  are  somewhat  below  those  for  urethanes  of  the  same 
density.  Some  of  these  formulations  which  have  been  subjected  to  room  tempera¬ 
ture  storage  were  found  to  be  stable  in  excess  of  six  months.  They  have 
initiation  temperatures  of  200- 300 °F  and  are  self-sustaining  when  heated  to 
these  temperatures. 

Even  with  the  most  exothermic  epoxy  formulations,  it  was  found  that  the 
objective  of  a  system  that  would  self -propagate  as  a  thin  layer  could  not  be 
attained.-  Consequently,  an  auxiliary  heating  source  has  been  developed  to 
provide  the  heat  necessary  to  melt  the  components  of  the  foamable  composition 
and  raise  the  temperature  to  that  required  to  initiate  the  foaming  reactions. 
Because  of  their  ease  of  control,  pyrotechnic  materials  were  examined  for 
this  purpose,  and  the  most  suitable  composition  was  shown  to  be  that  based  on 
the  oxidation  of  Iron  powder  with  elemental  sulphur.  It  has  been  established 
that  flexible  sheets  can  be  obtained  from  powdered  pyrotechnic  mixtures  by 
compounding  with  a  small  percentage  of  loose  asbestos  fibers.  Although  of 
low  strength,  the  sheets  show  no  tendency  to  dust  even  with  as  little  as  2%  of 
the  fibrous  bonding  agent,  and  the  strength  can  be  improved  by  the  addition  of 
glass  fibers.  Optimum  burning  properties  are  obtained  with  pyrotechnic  sheets 
containing  iron  and  sulphur  in  ratioa  from  75: 25  to  65:  35  by  weight  and  hound 
with  2-10£  asbestos.  The  sheets  are  self -propagating  above  a  total  weight  of 
0.1  lbs/sq  ft  and  have  an  average  burning  rate  of  1  ft/min  They  require  only 
a  simple  ignition  devico,  such  as  a  match. 

Tiie  concept  of  a  self-contained  expandable  3heet  has  been  demonstrated 
by  combining  this  beat  source  with  a  suitably  packaged  epoxy  foam  formulation. 
For  testing,  the  powdered  formulation  was  packaged  in  polyethylene  coated 
aluminum  foil  in  the  fora  of  a  channelled  bag.-  The  heating  sheets  were  bonded 
to  the  outer  surface-  of  the  alxrrlnum  envelope  vith  an  insulation  layer  inter¬ 
posed  to  decrease  the  peak  temperature  transmitted  to  the  foantible  composition. 
This  procedure  for  producing  a  flexible  unit  was  adopted  for  laboratory  con¬ 
venience  and  does  not  necessarily  represent  the  most  suitable  design  for 
manufacture  « 

With  composite  sheets  of  this  description,  employing  either  a  single 
pyrotechnic  sheet  on  one  surface  or  pyrotechnic  sheets  sealed  to  both  surfaces, 
acceptable  foaa  products  have  been  obtained  at  ambient  temperatures  in  the 
range  -hO°F  to  85 °F.  The  occurrence  of  large  pores  in  the  foam  was  encountered 
and  attributed  to  entrapment  of  air  In  the  aluminum  envelope,  since  this  effect 
was  not  observed  in  oven  foaming  experiments . 

At  the  lowest  temperature  at  which  tests  were  performed,  -hO°F,  it  was 


shown  that  a  pyrotechnis  content  of  Vj-p 5$  by  weight  of  the  foamable  layer  is 
required  tc  give  satisfactory  volume  expansion,  whereas  at  8h(,F  approximately 
30-ltOjb  of  the  pyrotechnic  mixture  is  sufficient.  Although  a  detailed  investi¬ 
gation  has  not  been  made  of  tne  operable  temperature  range  for  a  given  ratio 
of  pyrotechnic  to  foaanble  components,  an  indication  of  the  flexibility  of  the 
system  is  given  by  the  fact  that  suitable  products  resulted  from  tests  on 
identical  composite  sheets  at  temperatures  of  y't"  and  77°F- 

To  illustrate  tne  use  of  the  composite  sheet  in  the  form  of  an  actual 
shelter,  a  model  structure  consisting  of  a  t!iree-fo-,t  diameter  hemisphere  was 
prepared  in  vi.ich  u  single,  inner  heating  sheet  was  employed  corresponding  to 
Iff  by  weight  of  the  foamable  layer.  Or.  testing  at  an  ambient  temperature  of 
86°F,  a  rigid  ana  essentially  uniform  foumed  structure  was  obtained  with 
average  wall  thickness  of  2  inches,-  Thus,  tne  concept  of  a  foamable  sheet  and 
its  applicability  for  shelter  construction  have  been  clearly  established,.  In 
addition,  the  potential  of  the  system  for  operation  under  arctic  conditions 
has  been  demonstrated 

Work  is  expected  to  continue  in  this  area  to  optimize  the  formulation, 
investigate  the  most  feasible  methods  of  packaging,  and  analyze  problems  of 
converting  continuous  sheet  material  to  various  shelter  configurations,: 

Concurrent  with  this  program  is  one  to  develop  n  self-contained  kit  to 
produce  a  definite  amount  of  foam.  This  kit  would  be  utilized  by  the  indi¬ 
vidual  soldier  under  ambient  field  conditions 

Two  approaches  are  currently  under  active  investigation,  both  with 
Atlantic  Research  Corporation.  The  first  5 -  the  development  of  a  simple, 
inexpensive  heat,  gun  utilizing  a  readily  available  fuel  such  as  gasoline..  Into 
tne  flame  is  fed  one  01  more  solid  foam  compositions.  The  present  crude  proto¬ 
type  has  given  eneoura^in,,  results.  Using  unexpue :  ■<!  styrene  beads  coated  witn 
an  epoxy  resin,  foams  having  fair  physical  properties  Imve  been  produced. 
Retention  on  a  vertical  wall  exceeds  90$. 

The  otner  approach  is  directed  toward  an  all-liquid  aerosol  type  spray 
kit  which  will  function  over  the  entire  range  of  climatic  temperatures.  Essen¬ 
tially,  such  an  approach  requires  liquids  that  maintain  a  low  viscosity  from 
-65  to  l!»0°F .  In  the  early  work  on  energy  dissipators.  some  consideration  was 
given  to  extremely  low  temperature  foaming  reactions.  Out  of  this  limited 
effort,  evolved  the  possibility  of  producing  foams  from  ionic ly  catalyzed  vinyl 
monomers .  Admittedly,  the  foams  were  of  poor  quality,  but  the  basic  monomer 
had  low  viscosities  at  -4o°F  and  the  reactions  proceeded  rapidly.  For  the 
past  year,  we  have  been  aggressively  pursuing  this  approach  for  the  kit.  To 
date  it  appears  that  vinyl  ethers  offer  the  greatest  chances  of  success.  While 
foams  have  been  produced  from  these  ethers,  their  pihysical  prop*rties  to  date 
have  been  poor,  and  much  work  remains  to  be  done  on  eontrol  of  the  relative 
rates  of  polymerization  action  and  foaming  and  on  the  relation  of  pihysical 
properties  of  the  foams  to  monomer  composition. 
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AIR. SUPPORTED  TEWS  FOR  MILITARY  USE 


Constantin  J.  Monego 

U.  S.  Army  Natick  Laboratories 
Natick,  Massachusetts 


Modern  scientific  and  technological  developments  made  in  military 
equipment  and  in  support  of  a  mobile  army  have  resulted  in  the  need  for 
new  type  tentage.  The  need  for  the  new  tentage  varies  from  highly 
specialised  items  for  the  missile  program  to  large  maintenance  tents  for 
ground  vehicles  and  aircraft.  Operational  requirements  for  tents  that 
most  effectively  support  mobility  concepts  can  be  found  in  references 
l8  and  19,  and  may  be  summarized  as  follovs: 

Maximum  utility  space  -  To  provide  necessary  work  areas,  un¬ 
hampered  by  internal  supporting  poles  and  frames. 

Lightweight,  low  bulk  and  cube  -  To  increase  transportability. 

Minor  maintenance  and  site  requirements  -  To  minimize  logistical 

support. 


Expandability  -  To  reduce  number  and  types. 

Versatility  and  adaptability  -  To  meet  unique  military  field 
tentage  requirements. 

Easy  and  quick  erecting  and  striking  capability  -  Vo  conserve 
time  and  manpower. 

Protection  capabilities  -  To  protect  field  eoi.ba.  troops  against 
environmental  stresses  and  CB  agents. 

The  use  of  air-supported  tents,  which  can  be  easily  transported, 
erected,  and  struck  for  more  mobile  Army  operations,  represents  one 
approach  taken  by  the  Army  to  provide  mobile  shelters  of  reduced  weight, 
cost,  and  cubage. 

With  the  development  of  air-supported  tents,  the  technology  of  tent 
making  is  developing  step  by  step  from  a  traditional  craft  to  a  branch  of 
scientific  engineering.  This  is  a  parallel  developments  Production 
engineering  and  scientific  design.  These  two  are  interdepesident  for 
progress  and  support;  the  tents  cannot  be  fabricated  without  materials— 
materials  cannot  be  developed  without  knowing  the  end  use  conditions  of 
the  tent. 
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Development  engineering  Is  defined  ns  the  building  of  prototypes 
meeting  user  requirements.  Scientific  deslgc  is  defined  as  the  design 
of  the  tent--the  starting  point  of  development  engineering— including 
research  and  development  on  structures  and  materials  which  will  produce 
an  end  item  suitable  to  meet  the  oreretlng  characteristics  required  for 
Kmy  operations. 

It  is  the  intent  of  this  paper  to  present  both  development  engineer* 
lng  and  the  scientific  design  of  air-supported  Army  tents.  The  development 
engineering  phase  will  be  covered  by  a  brief  discussion  of  some  of  the 
air-supported  tents  developed  for  the  military.  The  scientific  design 
phase  will  be  covered  by  discussing  some  of  the  interesting  aspects  of 
the  work  leading  to  the  development  of  air -supported  tents,  and  pointing 
out  areas  which  require  additional  research  and  development. 

PRODUCTIOfl  DBSICBf  FOR  AXR-3UPP0RTKD  TBITS 

In  this  portion  of  the  report,  some  of  the  air-supported  tents 
developed  for  the  military  will  be  described  along  with  Information 
relative  to  background,  unique  features,  sad  pertinent  test  data.  The 
development  and  testing  of  ths  air-supported  tents  can  logically  be 
divided  in  three  parts: 

(1;  An  exploratory  study  of  the  development  end  testing  of 
air-inflatable  structures. 

(2)  Development  of  special-purpose  tents  in  support  of  the 
missile  program— single-wall,  air-supported  tents. 

(3)  Development  of  maintenance  tents— double-wall,  air-supported 
tents  for  Army  vehicles  and  missiles. 

Under  the  exploratory  study,  two  tents  will  be  discussed :  A  one-man 
mountain  tent  developed  for  the  Army  and  a  20  x  to  inflatable  air-matt 
maintenance  tent  developed  for  the  Air  force. 

A.  One -Han  Mountain  Tent  (Inflatable) 

This  tent  was  developed  to  meet  the  need  for  a  self-contained  unit 
which  could  be  easily  and  quickly  erected  under  extreme  cold  end  high 
winds.  The  tent  (Fig  1)  developed  far  the  Army  (21)  measures  2  feet 
11  Inches  wide,  7  feet  7  Inches  long,  3  feet  2  inches  high  in  front  de¬ 
creasing  to  a  width  of  1  foot  9  inches,  and  a  height  of  1  foot  k  inches 
in  the  rear.  It  weighs  l4  pounds.  The  tent  consists  of  an  A-ahaped 
frame  made  from  three  tubes  running  deem  the  front  and  across 

the  ridge.  Tbs  tent  was  tested  at  Mount  Washington  during  the  winter  of 
1949-50.  As  a  result  of  tests,  ths  tent  was  found  to  be  too  heavy  and 
bulky  for  ita  intended  use.  In  addition,  after  two  weeks  of  use  in  cold 
weather,  the  inflated  beams  developed  minute  air  leaks  at  almost  every 
seam  and  corner,  requiring  frequent  re inflat ion  to  keep  the  tent  erect. 
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Wg  1  -  One-Mao  Mountain  Tent  (Inflatable) 
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B.  Shelter,  Inflatable,  20  x  sO 

This  tent  vas  developed  by  the  Air  Force  a3  a  maintenance  shelter 
(15).  The  tent  (Fig  2)  was  constructed  of  air-matt  material  3  inches 
thick  when  inflated.  It  covered  an  area  20  feet  wide  by  ko  feet  long. 

The  tent  was  tested  at  Fort  Churchill,  Manitoba,  Canada,  during  the 
winter  of  1953*5**  and  Mount  Washington,  Nov  Hampshire,  during  the  winter 
of  195 **-55.  This  tent,  when  compared  to  the  same  sine  standard  frame- 
type  tent,  wan  lighter  in  weight,  more  compact,  and  easier  to  transport, 
and  erect.  However,  the  tent  required  more  fuel  to  heat  than  an  in¬ 
sulated  frame-type  tent  an*  was  not  considered  sufficiently  durable  for 
field  operations  in  cold  weather.  The  air-matt  material  from  which  the 
tent  was  made  became  too  s'  iff  and  developed  minute  air  leaks  which 
were  difficv.lt  an'*  *n  some  instances  impossible  to  locate  and  repair. 

The  two  field  trials  on  air -inflatable  tents  provided  the  following 
information: 

a.  The  full  benefit  of  air-supported  structures  cannot  be 
realized  in  small  personnel  tentage--one-  and  two-nan  tents;  it  can  only 
be  realized  in  larger  maintenance  and  epeclal-purpo3e  tentage  needed  to 
meet  specif!  operational  requirements. 

b.  The  tents  tested  lacked  the  durability  required  for  Army 
field  operations.  Nevertheless,  it  was  considered  that  the  principle 
inherent  with  air-supported  tent3;  i.e.,  low  weight,  bulk  and  ease  of 
erection,  possessed  sufficient  merit  to  warrant  further  development. 
Accordingly,  the  Army  entered  into  the  second  phase  of  its  development 
of  air-supported  structures. 

The  second  phase  consisted  of  the  development  of  single-wall  tents 
to  meet  specific  Amy  requirements  in  support  of  the  missile  program. 

These  tents  possessed  unique  operational  features  difficult  to  obtain  by 
Ooher  means  of  construction  and  certainly  could  not  be  met  with  conventional 
t.entage  of  the  pin,  pole  or  frame  type.  One  feature  is  the  quick-release 
mechanism,  which  provides  the  means  for  instant  striking  of  the  tent. 

The  quick -release  device  (Fig  3  and  k)  utilizes  a  heavy-duty  slide 
fastener  and  lanyard.  A  quick  pull  on  the  lanyard  opens  the  tent  in 
halves,  taking  advant.  je  of  the  inflation  pressure  to  throw  the  sides  back 
and  away  from  tbc  equipment.  A  second  feature  is  radar  transparency  of 
the  thin  3kin  ..tructure,  which  is  especially  important  for  shelters 
covering  tracking  radar. 

Missile  shelters  are  required  to  protect  the  missiles  and  sensitive 
electronic  radar  equipment  against  the  damaging  effect  of  wind,  rain, 
and  snow;  also,  to  shelter  maintenance  crews  performing  routine  check-out 
services  as  well  as  maintenance  operations. 

Six  tents,  based  on  the  single-wall,  air-support  principle,  vill  be 
discussed.  These  are  as  follows:  Shelter,  Air -Supported,  Vertical  Check- 
Out  (Redstone) ;  Tent,  Nike  Hercules,  Air-Supported;  Tent,  Air-Supported, 
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Nik*  Hercules  launch  Aren  for  Field  kray;  Teat,  Air-Supported  Launcher, 

Hawk  System;  Tent,  Radone  for  Track  Antenna  and  Acquisition  Radar  Sets; 

Tent,  Air-Supported,  Storage  Type. 

C.  Shelter.  Air-Supported,  Vertical  Check-Out  (Redstone) 

This  tent  was  leveloped  to  provide  all-weather  protection  for  the 
missile  and  personnel  performing  eheck-ort  operations  (10,  18).  The 
shelter  (Fig  5)  measures  2k  feet  in  diameter  and  stands  18  feet  6  Inches 
high.  This  tent  met  all  the  requirements  for  attachment  and  rapid 
erection  and  removal,  and  provided  full  protection  against  weather  in¬ 
cluding  winds  up  to  io  mph.  It  is  so  designed  that  it  can  be  attached 
while  the  missile  is  horizontal,  raised  to  a  vertical  position,  and 
Inflated  within  k  minutes.  The  shelter  can  be  released  from  the  missile 
by  pulling  a  cord  which  disconnects  the  shelter  and  allows  it  tc  drop 
to  the  ground  away  from  the  launching  pad  in  two  to  three  seconds. 

This  development  constituted  an  exploratory  effort  in  an  area  never 
before  attempted- -the  enclosure  of  a  missile  thrust  unit  within  an  air- 
supported  structure.  The  scientific  and  technical  gains  have  contributed 
to  the  successful  development  of  the  other  air-supported  tents  which  follow. 

D.  Tent,  Nike  Hercules.  Air -Supported 

This  tent  (Fig  6)  was  developed  to  provide  all-weather  protection 
for  the  missile  on  the  launcher  and  to  shelter  personnel  performing 
check-out  and  nalntenance  services  on  the  missile  and  launcher  (18,  19). 

The  tent  measures  17  feet  6  inches  in  diameter  and  is  61  feet  long  and 
13  feet  high.  The  tent  is  designed  to  he  installed  on  a  recessed  base, 
located  betveen  abutments,  so  that  it  will  be  partially  protected  from 
the  full  impact  of  the  wind. 

This  tent  is  equipped  with  a  quick-release  device  which  is  manually 
activated  by  pulling  a  lanyard.  A  quick  pull  the  lanyard  allows  the 
shelter  to  split  in  two  halves  along  its  entire  length,  falling  away 
from  the  missile  which  it  does  in  1  to  2  seconds. 

E.  Tent,  Air-Supported,  Nike  Hercules  Launch  Area,  for  Field  Army 

This  tent  was  developed  to  provide  protection  to  personnel  while 
performing  maintenance  and  check-out  services  on  the  missiles  on  the 
launcher  and  to  provide  space  for  two  additional  missiles  on  the  ran’ s 
(19).  This  tent  (Fig  7)  measures  20  feet  wide,  TO  feet  long,  and  20 
feet  high.  The  tent  is  equipped  with  a  manually  activated  quick-release 
device  which  permits  striking  the  tent  in  approximately  3  seconds.  The 
development  on  this  tent  is  completed  and  prototype  tents  are  being 
fabricated. 
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F.  Tent,  Air-Supported,  Launcher,  Hawk  System 

This  tent  (Fig  8)  v as  developed  to  provide  cold  climate  protection 
to  the  Hawk  Missile  on  the  launcher  and  to  operating  personnel  perform¬ 
ing  check-out  and  maintenance  services  (19). 

This  tent  Is  a  3/4  sphere,  28  feet  In  diameter  and  21  feet  6  Inches 
high.  The  tent  consists  of  an  outside  envelope  and  an  inside  shell  with 
an  Insulating  air  space  between.  The  tent  is  erected  over  the  Hawk 
launcher  and  the  missile  is  fired  directly  through  the  tent. 

G.  Tent ,  Radome,  Air-Supported  for  Track  Antenna  and  Acquisition  Radar  Sets 

This  tent  (Fig  9)  was  developed  to  provide  all-weather  protection 
for  both  acquisition  and  tracking  antenna.  The  tent  Is  a  3/4  sphere, 

27  feet  in  diameter  and  approximately  20  feet  high  (18).  It  1#  adaptable 
to  both  tower  and  ground  mounts  on  a  specially  prepared  base.  The  radome 
is  equipped  with  a  quick-release  fastener  which  Is  mamiany  activated  by 
pulling  a  lanyard,  which  divides  the  tent  in  two  halves  completely  un¬ 
covering  the  antenna.  This  feature  waa  felt  necessary  in  the  event  of 
operational  interference  caused  by  certain  environmental  conditions, 
such  as  the  sudden  formation  of  ice,  or  the  radome  skin  being  wet  from 
dew  or  rein.  This  device  makes  it  possible  to  remove  the  radome  quickly 
without  interrupting  sensitive  tracking  operations. 

H.  Tent,  Air-Supported,  Storage  Type 

This  tent  (Fig  10)  was  procured  because  of  the  Amy’s  Interest  in 
using  air-supported  tents  for  warehouses  (18).  The  tent  measured  40 
feet  wide,  80  feet  long,  and  15  feet  high. 

The  tents  were  erected  and  tested  In  the  New  England  area  for 
extensive  periods.  They  have  demonstrated  their  capacity  to  withstand 
wind,  snow,  and  degradation  from  the  elements.  Even  though  the  tents 
were  developed  as  an  air-supported  structure,  this  tent,  when  deflated, 
may  be  utilized  as  a  tarpaulin  to  protect  critical  supplies  and  materiel 
in  outside  storage  areas.  It  can  be  quickly  Inflated  by  blowers  so  that 
individuals  and  materials  handling  equipment  will  have  access  to  supplies 
when  necessary. 

Tents  based  on  the  single-wall,  air-support  principle,  while  success¬ 
ful  in  meeting  special  military  requirements,  have  an  obvious  drawback 
for  use  ns  maintenance  tents.  This  drawback  is  the  need  for  special 
doors  and  air  locks  to  permit  entry  and  exit  of  large  vehicles  for 
maintenance  work.  Accordingly,  concurrent  with  the  development  of  single¬ 
wall  tents,  the  Amy  entered  into  the  third  phase  of  the  development,  of 
double-wall,  air-supported  tents.  The  advantages  of  these  tent?  for 
maintenance  work  are  obvious.  The  supporting  air  is  contained  between 


-  407  - 


Pig  7  -  Tent,  Air-Supported,  Nike  Hercules 
Launch  Area,  for  Field  Army 


Pig  8  -  Tent,  Air-Supported,  Launcher, 
Hawk  System 
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Fig  10 


T®nt»  Alr-3uj>porte4, 
Storage  Type 
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two  walls,  forming  the  sides  and  roof  of  the  tent,  leaving  vide  open  ends 
for  entry  of  vehicles.  Three  tents  of  this  type  will  he  discussed:  (l) 
Tent  Set,  Vehicle  Maintenance,  Small,  '  ir -Supported  for  Arctic  Use; 

(2)  Tent,  Maintenance,  Multi-Purpose,  Inflatable,  Sectlooallzed;  and 

(3)  Tent,  Air-Suppoitnl,  Double-Wall,  Assembly  Area,  Mike  Hercules, 

Mobile  System. 

I.  Tent  Set,  Vehicle  Maintenance.  Small.  Air-Supported  for  Arctic  Pae 

•Mils  tout  (i-ig  ll)  was  developed  ar  a  portable  tent  to  be  carried 
by  nain.cnance  personnel  to  a  disabled  vehicle  in  the  field  (19).  The 
dimensions  of  the  tent  are  20  feet  vide,  13  feet  long,  and  12  feet  6 
Inches  high.  The  sides  and  roof  of  the  tent  are  double -vail  construction 
vlth  the  walls  20  Inches  thick.  The  end  curtains  are  single  vail.  The 
tent  is  of  the  nose-ln  maintenance  type.  It  provides  protection  to  the 
maintenance  crevs  In  cold  climates.  The  tent  Is  equipped  vlth  fitted 
end  curtains  for  each  of  the  vehicles  It  vill  service. 

J.  Tent,  Maintenance,  Multi  Purpose,  Air -Supported,  Sectlooallzed 

This  tent  (Fig  12)  vas  developed  to  cover  the  entire  Pershing  Missile 
during  maintenance  and  check  out  under  cold  weather  conditions  (19) •  The 
dimensions  of  the  full  site  tent  are  20  feet  vide,  52  feet  long,  and  12 
feet  6  Inches  high.  The  tent  consists  of  four  units  of  the  Tent  Set, 
Vehicle  Maintenance,  Small  (Fig  ll),  butted  and  fastened  together.  This 
tent  has  been  made  a  opponent  of  the  Pershing  Missile  System.-'- 'Shelters 
are  currently  being  procured  for  the  Pershing  System. 


K.  Tent.  Air -Supported,  Double-Wall.  Assembly  Area.  Hike  Hercules 
Mobile  System 


The  tent  (Fig  13)  vas  developed  to  house  the  Hike  Hercules  missile 
and  missile  components,  and  to  shelter  personnel  while  performing  the 
war  heading  and  assembly  of  missiles  (19).  The  dimensions  are  k&  feet 
vide,  72  feet  long,  and  2k  feet  high.  The  tent  consists  of  six  12-foot 
sections  joined  vlth  catenary  an-  collar  fasteners  which  permits  personnel 
to  Join  the  section  in  cold  weather  while  wearing  Arctic  clothing.  Hie 
sections  are  heml -cylindrical  in  shape  and  double-wall  construction  with 
the  walls  three  feet  thick.  The  end  curtains  are  of  single-wall  con¬ 
struction.  Each  end  curtain  contains  personnel  and  utility  doors.  This 
tent  has  been  standardised  as  a  component  of  the  Hike  Hercules  Mobile 
System. 


With  the  development  of  the  Hike  Hercules  Assembly  Area  Tent,  It 
vas  found  that  double-wall  tents,  1*8  feet  vide,  are  practical.  The  Army 
is  currently  considering  the  feasibility  of  extending  the  width  of  the 
double-vall  tents  to  110  feet  for  use  as  aircraft  maintenance  hangars 
when  a  requirement  for  this  type  shelter  is  established. 


Pig  11  -  Tent,  Set,  Vehicle,  Maintenance, 

Snail,  Air-Supported  for  Arctic  Use 


Fig  12  -  Tent,  Melntenance,  Multi-Purpose, 
Air-Supported,  Sectionalized 


Pig  13 


-  Tent,  Air-Supported,  Double-Wall, 
Assembly  Area  Nike  Hercules  Mobil 
System 
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SCIENTIFIC  DESIGN  OF  MATERIAL  FOR  AIR -SUPPORTED  TENTS 


In  completing  the  description  of  the  ftir-supported  tents  developed 
for  Army  use,  the  production  engineering  phase  is  concluded.  Naturally, 
one  is  curious  to  know  more  about  the  factors  vhich  were  considered  in 
the  development  of  these  tents.  The  information  in  support  of  produc¬ 
tion  engineering  is  scientific  design.  I:-  is  in  this  area  that  observa¬ 
tions  were  made  vhich  is  felt  should  be  shared  vrlth  all  agencies 
interested  in  the  development  of  air-supported  tents.  These  observations 
are  limited  to  the  following  investigations: 

a.  Effect  of  shape  on  the  aerodynamic  behavior  of  a  tent. 

b.  Fabrics  used  by  the  Army. 

c.  Discussion  of  some  fabric  properties  considered  important 
in  the  development  of  air-supported  tents;  i.e.,  weight,  flexibility  at 
low  temperatures,  and  dielectric  constant. 

As  noted,  the  air-supported  tents  developed  for  the  Army  varied  in 
shape  and  size  from  spherical  radome  to  cover  radar  antenna  to  cylindrical 
tents  with  rounded  or  flat  ends  to  cover  missiles  or  for  use  as  maintenance 
tents.  Information  on  the  design  of  these  shelters  was  obtained  from 
available  sources  (2,  3,  t,  5,  and  8).  While  the  spherically- shaped 
radome  has  been  subjected  to  aerodynamic  testing  from  which  a  design 
manual  has  evolved  (t),  no  such  progress  has  been  made  for  other  shapes. 
Information  for  the  design  of  Army  air-supported  tents  of  other  than 
spherical  structures  vao  assembled  from  engineering  data  obtained  from 
other  sources  (3,  5,  and  3). 

To  obtain  aerodynamic  data  on  flexible,  cylindrical,  air-supported 
tents,  a  limited  wind  tunnel  study  was  conducted  at  Massachusetts  Institute 
of  Technology.  The  model  selected  for  test  was  a  l/lOth  scale  Tent,  Nike 
Hercules,  Air -Supported.  The  interesting  aspects  of  the  report,  of  test 
can  be  summarized  here. 

The  first  of  these  was  the  development  of  scaling  parameters  (2). 

It  was  found  ir.  planning  the  test  that  the  design  of  a  flexible  model 
air-supported  tent  is  more  complicated  than  a  normal  rigid  wind  tunnel 
model,  whose  shape  is  stable.  To  obtain  aerodynamic  and  dynamic 
similarity  between  full-scale  and  model  teats,  the  followiig  parameters 
had  to  be  kept  the  same: 
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Geometric  shape  -  no  wind 


Inflation  parameter  ■  Inflation  Pressure 

Stream  Dynamic  Pressure 

Mach  Nurfrer  .  Test  Velocity 
Velocity  of  Sound 

Reynolds  Number  s  Diameter  x  Velocity 
Kinematic  Viscosity 

Pabric  Dynamic 

Aeroe lactic  parameter  ■  Diameter  x  Elongation  x  Pressure 

Fabric  Stress 

Dynamic  parameter  =  Mass  of  Tent _ 

Air  Density  x  (Diameter)3 


Of  the  above  parameters  the  ones  which  were  considered  of  paramount 
importance  were:  Shape,  ae roe last ie  parameter,  which  is  related  to  the 
stiffness  of  the  fabric,  and  the  dynamic  parameter,  which  is  related  to 
fabric  weight .  Prom  experience,  it  was  known  that  Mach  Number  effects 
are  small  for  cylindrical  bodies  with  rounded  ends  below  values  of  0.25 
or  150  miles  per  hour  at  sea  level  in  air. 

The  Reynolds  Number  determines  the  flow  pattern  as  it  is  influenced 
by  viscous  effects.  Again,  from  experimental  work,  the  najor  variation  of 
flow  usually  occurs  below  certain  values  of  this  parameter.  If  one  stays 
well  above  such  a  value,  little  change  in  the  flow  pattern  will  take  place 
over  a  large  variation  of  the  parameter,  and  lends  considerable  weight  in 
the  application  of  the  model  results  to  full  scale. 

The  inflation  parameter  is  l.sportant  for  tent  stability.  Fran 
literature  os  air-supported  radomes  (4),  this  value  is  usually  taken  as 
1;  i.e.,  inflation  pressure  equal  to  the  dynamic  pressure  of  the  air 
stream.  In  the  following  discussion,  this  value  will  he  designated  as  "q". 

The  second  interesting  aspect  of  this  study  was  the  tent  motion  in 
the  air  stream.  At  inflation  pressures  below  one  dynamic  pressure  or 
"q",  the  air  stream  led  to  large  deflection.  For  a  quartering  wind  (Nig  lb- 
tent,  no  wind),  and  an  inflation  pressure  of  1  "q”,  the  lateral  deflection 
of  the  midregion  of  the  upstream  side  was  about  lOjt  of  the  tent  diameter;  for 
2/3  "q",  the  tent  flapped  end  the  deflection  was  stout  doubled  (Pig  15). 

At  an  angle  of  U5  degrees,  and  with  a  105 -mile  per  hour  wind,  the  tent 
quivered  at  inflation  pressures  of  5/b  "q"  and  1  "q”,  hut  shook  violently 
at  2/3  V* 


Vlad  Tunnel  Teat,  Ho  Vlad 


Fig  15  -  Vlad  Tunnel  Teat  -  Inflation 

Preeaure  2/3  q.  Quartering  Wind 
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The  Importance  of  wind  direction  on  the  aerodynamic  behavior  of 
the  tent  cannot  be  emphasized  too  strongly.  With  the  wind  approach 
broadside,  it  was  necessary  to  overinflate  the  tent  5/1*  Mq"  to  maintain 
stability.  At  1  "q",  the  tent  flapped  violently  in  a  periodic  manner 
and  the  test  could  not  be  run  at  2/3  "q".  With  the  wind  approaching 
the  tent  at  angles  of  135  degrees  and  100  degrees,  no  serious  motions 
were  apparent  even  at  the  low  internal  pressure  of  2/3  "q". 

The  initial  wind  tunnel  tests  were  run  without  a  zipper  in  the 
model  tent.  Tests  were  rerun  with  a  quick-release  zipper  installed  in 
the  tent.  The  zipper  installation  decreased  the  violence  of  the  tent 
motions  considerably.  The  tent  could  be  run  broadside  to  the  wind  at 
85  miles  per  hour  with  an  inflation  pressure  of  2/3  "q".  Whether  ihe 
air  leakage  tiirough  the  zipper,  the  change  in  the  elastic  properties  of 
the  tent,  or  the  change  in  inertial  properties,  or  some  combination,  is 
responsible  for  the  improvement  is  not  known.  The  air  leakage  was 
larger  than  a  scaled  value  should  be  because  of  the  model  zipper  size. 

What  effect  this  would  have  is  also  unknown. 

A  review  of  the  motion  picture  film  taken  for  various  test  conditions 
and  tent  configurations  leave  the  viewer  with  a  deep  appreciation  of  the 
aerodynamic  effects  and  the  necessity  for  making  allowances  in  the  tent 
design  to  account  for  these  effects.  Prom  these  pictures,  it  may  be  con¬ 
cluded  that  inflation  pressures  below  1  "q"  lead  to  serious  deflections, 
shaking,  and  transient  denting  of  the  tent.  In  most  cases,  an  increase 
in  Inflation  pressure  to  1  "q"  decreases  the  aerodynamic  effects  from 
violent  to  perhaps  tolerable  magnitudes.  Thus,  the  only  means  at  hand 
to  reduce  tent  vibration  and  flapping  13  to  increase  the  internal  pressure. 
However,  work  in  this  area  has  indicated  that  the  use  of  spoilers  or 
other  surface  modifications  of  the  tent  will  improve  its  operational 
characteristics.  Further  research  work  in  this  area  should  be  expanded. 

The  third  aspect  of  the  study  is  the  variations  in  aerodynamic  and 
anchor  loads  experienced  with  the  winds  approaching  the  tent  from  different 
angles.  As  expected,  the  lowest  lift  or  drag  loads  occur  with  the  how  or 
stem  end  facing  the  wind.  With  the  bow  or  stem  facing  the  wind,  the  over¬ 
all  lift  coefficient  averages  approximately  .15  and  the  over-ali  drag 
coefficient  approximately  •Of’.  The  over-all  lift  coefficient  increases 
to  .75  for  wind  striking  the  tent  at  135  degrees,  while  the  over-all  drag 
coefficient  increases  to  .C3  *ii.h  ihe  wind  striking  the  tent  broadside. 

Here  the  aerodynamic  forces  show  a  five-fold  Increase  in  lift,  and  nearly 
double  this  in  drag,  merely  from  the  standpoint  of  the  wind  direction. 

How  this  increase  in  load  is  being  dissipated  by  the  fabric  in  a  tent  of 
this  shape  should  be  further  investigated. 

This  change  in  loading  due  to  the  direction  of  wind  approach  is  also 
found  in  the  load  distribution  on  the  anchors  around  the  tent.  Pig  16 
shows  the  pattern  of  anchor  loads  found  with  the  bow  of  the  tent  facing 
the  wind.  The  "X"  on  the  cnart  represents  the  anchor  loads  resulting  from 
internal  pressure  only;  the  circles  represent  the  combined  load  due  to 
internal  pressure  and  85  mph  wind.  It  should  be  noted  that  only  those 
anchors  around  the  bow  and  stem  end  appear  to  show  an  Increase  in  load. 
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Fig  17  shows  the  pattern  found  with  the  wind  approaching  the  tent  at  135 
degrees.  As  expected,  the  pattern  of  anchor  load  distributed  is  different 
in  both  location  and  nmqpiltude. 

From  the  standpoint  of  design,  It  vas  found  that  for  this  shape  tent, 
the  anxious:  anchor  loads  are  about  twice  the  average  value  found  tram 
the  sun  of  Inflation  and  lift  loads.  Investigation  on  the  anchor  loads 
for  tents  of  other  shapes  Is  warranted.  It  vas  concluded  tram  the  above 
that  the  aerodynamic  behavior  of  cylindricelly  shaped  tents  is  suffi¬ 
ciently  different  from  those  reported  for  radoaes  (k)  and  trust  design 
information  on  tents  of  other  shapes  vas  required.  Accordingly,  a  new 
study  was  iapleoented  to  Obtain  information  on  a  theoretical  basis  for 
the  design  of  flexible  air-supported  tents  of  the  shapes  shown  on  Fig.  18. 

It  Is  hoped  that  the  tent  shapes  proposed  for  test  will  peradt 
extrapolation  of  test  data  not  oily  for  height  of  the  shelter;  l.e.,  3/8, 
l/2,  or  3/U  sphere  or  cylinder,  but  for  length  on  the  basis  of  length- 
to-width  ratio.  The  new  study  contains  a  requirement  for  the  develop¬ 
ment  of  fabric  stress  data  which  was  not  Included  in  the  Massachusetts 
Institute  of  Technology  work.  Hopefully,  the  design  data  developed  in 
this  new  program  will  establish  parameters  for  fabric  stress  which,  in 
turn,  may  be  used  as  a  basis  for  engineering  fabrics  to  meet  the  specific 
requirements  for  air-supported  tents.  Fabrics  of  efficient  design  should 
result  in  lnproved  shelter  performance  at  mini  nun  weight  and  cost. 

The  fabrics  used  in  the  fabrication  of  the  Army  air -supported  tents 
ore  shown  in  Table  I. 


V  1BLE  I 

Weight,  Strength,  and  Flexibility 
of 

Fabrics  for  Air-Supported  Teats 


IP  fas  s-62-2 

Heat -Set 

Type  I 

J&KJI 

MIX.-C-!»3086 

Polyester 

Fiber 

Polyester 

Nylon 

Nylon 

Polyester 

Coating 

leoprene  and  CP* 

Vinyl 

None 

Weight  oa/yd^ 

lk.O 

lfc-5 

19.0 

9.0 

Break  Strgth  W 

160 

275 

300 

•*75 

lbs/sq  in  F 

160 

275 

300 

560 

Low  Temp  Rip- 

-bO  F 

-bO  F 

0  F 

-65  F 

Dielectric  Constant 

•*.1 

2.8 

2.8 

2.7 

•  Chlorosulphonated  Polyethylene 
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Anchor  Load  Coefficient 


Anchor  Positions 


Pig  17  -  Anchor  loads 
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>4X 

Siam 


Length-to -Width  Ratio 


The  fabrics  covered  by  IP/nE3  3-62-2  were  developed  for  Arctic  use 
where  flexibility  at  low  temperature  is  important.  Type  I  polyester 
fabric  would  be  used  for  the  smaller,  air-supported  tents--Shelter  Set, 
Vehicle  Maintenance,  Small,  Air-Inflated  for  Arctic  Use;  Tent,  Mainte¬ 
nance,  Multi-Purpose,  Inflatable,  Sectlonallzed;  and  Shelter,  Air- 
Supported,  Vertical  Check-Out  (bedstone).  Type  II  is  used  for  the  larger 
tents  where  greater  strength  of  material  is  required;  i.e.,  Tent,  Air- 
Supported,  Double-Wall,  Assembly  Area,  Nike  Hercules  Mobile  System,  aod 
Tent,  Air-Supported  Nike  Hercules  Launch  Area  for  Field  Army. 

The  vinyl-coated  nylon  fabric,  MIL-C-43086,  was  developed  for  tents 
used  in  temperate  climates  where  low  temperature  flexibility  is  not 
critical.  The  tent3  in  which  this  material  will  be  used  are  Tent,  Nike 
Hercules,  Air-Supported;  Tent,  Air -Supported.  Radoae  for  Track  Antenna 
and  Acquisition  Radar  Sets;  and  Tent,  Air-Supported,  Storage-Type. 

The  heat-set  polyester  fabric  is  an  uncoated  fabric  having  extremely 
low  porosity — 2  cubic  feet  of  air  per  minute  per  square  foot  at  six 
inches  of  water  pressure.  This  fabric  was  developed  primarily  to  improve 
the  flexibility  of  air-supported  tents  at  low  temperatures.  However,  by 
eliminating  the  coating  finish,  a  reduction  in  the  weight  fabric  is 
also  realized.  This  fabric  has  been  developed  and  successfully  used  in 
single-wall,  air-supported  tents.  A  Tent,  Nike  Hercules,  Air-Supported, 
made  from  this  fabric,  ha3  been  erected  and  Btruck  70  time a  and  has  been 
in  continuous  service  on  outdoor  exposure  for  18  months.  The  tent  is 
still  in  excellent  condition.  The  development  of  a  heat-set  polyester 
fabric  of  lower  porosity  is  continuing  so  that  its  use  can  be  extended  to 
double-wall,  air-supported  tents,  where  “O'  porosity  at  1  psl  and  higher 
is  desired. 

The  fabric  properties  listed  in  Table  I  are  considered  very  inqwrtant 
and  warrant  further  discussion. 

(1)  Fiber  Type  -  Early  studies  conducted  for  the  Air  Force  (k) 
have  shown  that  nylon  and  polyester  fibers  were  more  satisfactory  than 
fiberglas  acrylic,  modacryllc  and  cellulosic-type  fibers.  Field 
experience  with  nylon  radomea  has  been  excellent.  Experience  with 
shelters  node  from  high-tenacity  polyester  fibers  have  also  proven  satis¬ 
factory.  Both  fibers  have  high  strength-to-weight  ratios;  the  two  fibers 
can  be  used  to  produce  thin,  relatively  flat  fabrics  of  high  strength. 

A  thin  fabric  of  high  strength  is  desirable,  as  the  thickness  of  the 
fabric  determines  the  amount  of  coating  conpound  required  to  fill  the 
interstices  and  protect  the  fabric.  The  thicker  the  fabric,  the  more 
coating  confound,  the  greater  the  weight.  Thin,  lightweight,  durable 
fabrics  are  prime  objectives  to  attain  in  the  development  of  fabrics  for 
air-supported  tents. 

(2)  Low  Temper- *ure  Flexibility  -  The  military  requirements  for 
tents  to  be  operational  at  -65  F  is  a  difficult  requirement  for  coated 
fabrics  to  meet.  It  should  he  noted  In  Table  I  that  the  coated  fabrics 
specified  in  IP/DES  S-62-2  are  not  recoanended  for  use  below  -to  F.  In 
service,  the  air- supported  tents  remain  relatively  rigid  and  are  subjected 
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to  little  flexing.  However,  they  oust  be  folded  and  packed  for  storage 
or  shipment.  The  tents  are  not  flat,  but  spherical  and  cylindrical  in 
shape.  The  tents  cannot  be  laid  out  flat  and  mat  be  bundled  into  a 
badly  creased  and  folded  unit.  The  material  aust  be  capable  of  with¬ 
standing  such  handling  without  loss  in  strength.  Flexibility  is 
essential  at  low  temperatures  for  ease  in  erecting  or  striking  the  tents 
under  Arctic  conditions. 

Because  of  the  stiffening  of  coated  fabrics  at  temperatures  of 
-1*0  F,  the  /my  is  continuing  its  development  of  heat -set  polyester 
fabric  which  is  flexible  at  -65  F.  To  develop  a  tent  with  a  sdniaun  of 
two  years  service  life,  it  was  necessary  to  use  the  9  oz/sq  yd,  heat- 
set  polyester  fabric  shown  in  Table  I.  If  a  fiber  equal  in  tenacity  to 
polyester  fiber  with  better  weathering  resistance  could  be  found,  the 
weight  could  be  reduced  to  as  ouch  as  one-half  this  weight.  The  above 
indicates  two  areas  of  research  to  improve  the  flexibility  of  fabrics  at 
-65  F.  One  of  these  is  the  development  of  durable  fabric  coating  com¬ 
pounds  which  are  flexible  at  -65  F;  the  other  is  the  development  of  high- 
tenacity  fibers  with  improved  weathering  resistance. 

(3)  Electrical  Properties  of  Fabrics  -  In  cases  where  the 
rsdome  is  developed  to  cover  radar  antenna,  transparency  to  the  radar 
signal  is  required.  In  previous  studies,  (V),  it  has  been  stated  that 
good  RF  transmission  is  obtained  on  air-supported  shelters  by  keeping 
the  thickness  of  the  material  saall  la  comparison  witn  the  wave  length. 

The  detailed  design  specifications  for  radomes  generally  require  a 
minimum  one-way  transmission  of  90 $  at  angles  of  Incidence  up  to  approxi¬ 
mately  50,  In  order  to  meet  this  requirement,  the  thickness  of  fabric 
and  coating  material  aust  be  kept  to  a  minimum  and  the  dielectric  constant 
of  the  coated  fabric  aust  be  low. 

In  the  development  of  the  fabric  for  Kike  Hercules  Radomes  used  in 
Continental  United  States,  the  work  accomplished  with  the  Bell  Telephone 
Laboratories,  Whippany,  Hew  Jersey  (9)  revealed  that  the  following 
electrical  characteristics  of  fabrics  would  effect  tracking  radar  signals 
and  had  to  be  kept  at  a  mlnlmim  value:  Dielectric  constant,  reflection 
coefficient,  reflection  loss,  dissipative  loss,  and  baresight  effect 
(angular  shift  of  tbe  radar  beam). 

The  assistance  given  to  the  problem  by  the  Wheeler  Laboratories, 

Great  Heck,  L.  I.,  provided  a  set  of  e^lrlcal  equations  which  showed  the 
correlation  found  among  the  above  parameters  for  reflection  and  dissipa¬ 
tive  losses,  and  the  dielectric  constant  and  fabric  thickness. 

To  determine  how  the  desirable  electrical  characteristics  can  be 
Incorporated  into  a  fabric  development  program  for  air-supported  tents, 
it  is  necessary  to  measure  the  dielectric  constant. 

(b)  Dielectric  Constant  -  This  parameter  Is  defined  as  a  constant 
factor  (k)  which  is  part  of  an  equation  which  describes  a  property  of 
the  material  related  to  its  ability  to  conduct  lines  of  force  of  an 
electromagnetic  field  (radar  signals).  This  is  In  distinction  to  its 
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electrical  Insulating  property  which  Is  related  to  its  ability  to  con¬ 
duct  electric  current.  The  value  of  (k)  soy  be  determined  from  the 
measurement  of  (a)  electrical  capacities,  (b)  mechanical  farces  between 
charged  conductors,  or  (c)  waive  lengths  of  electrical  waves.  All  three 
methods  yield  the  same  result,  except  insofar  as  the  value  of  (k)  varies 
with  the  frequency  of  the  electrical  waves.  Hie  dielectric  constant  of 
air  at  room  temperature  is  very  nearly  1*0.  Tor  good  radar  transmission, 
it  Is  desirable  to  keep  the  value  for  the  dielectric  constant  of  radome 
material  as  low  as  possible,  approaching  the  value  for  that  of  air. 

The  present  method  of  dei.  training  whether  the  electrical  character¬ 
istics  of  a  fabric  are  suitable  for  its  Intended  use  is  to  aake  the 
necessary  electrical  tests.  This  procedure  for  the  development  of  coat¬ 
ings  and  fabrics  having  the  minimum  required  electrical  characteristics 
is  costly,  time  consuming,  and  requires  sensitive  electronic  equipment. 

To  facilitate  the  development  of  fabrics  with  the  desired  electrical 
characteristics,  a  correlation  between  the  electrical  and  physical 
properties  of  fabrics  was  sought.  The  U.  S.  A ray  Bstick  laboratories 
sent  to  the  Bell  Telephone  Laboratories  17  fabrics  to  test  for  electrical 
properties.  The  following  correlation  between  bulk  density  of  the  fabric 
and  its  dielectric  constant  was  found  (Fig  19). 

The  17  specimens  tested  included  coated  and  uncoated  fabrics.  The 
fabric  surfaces  represented  varied  from  that  of  a  smooth,  glossy  vinyl 
film,  a  matt  surface  chlorcptrene  film,  to  that  of  napped,  acrylic,  un¬ 
coated  fabric.  Tiber  types  included  were  polyamides,  polyesters, 
modacrylics,  vinyls,  and  celluloalc.  Some  of  the  uncoated  fabrics  were 
made  from  yams  delust ered  with  titanium  dioxide.  The  coating  compounds 
used  on  the  coated  fabrics  included  silicone,  vinyl,  chlaroprene,  and 
chlorosulphonated  polyethylene.  It  con  he  seen  that  the  relationship 
found  In  Fig  19  can  he  represented  by  essentially  a  straight  line. 

This  correlation  indicates  that,  given  the  thickness  and  weight  of 
the  fabric,  the  dielectric  constant  of  the  material  can  be  eat lasted. 

The  weight  and  thickness  of  a  fabric  can  be  determined  from  design 
information  or  can  be  measured  on  a  'Ini shed  fabric. 

The  information  and  correlation  found  in  this  study  are  limited  to 
the  specimens  tested  because  of  the  wll  number  of  Maples  evaluated, 
and  the  lack  of  information  on  the  ingredients  used  In  the  fabric  coating 
conpounds.  According  to  Bell  Telephone  Coapany  and  Wheeler  laboratories, 
the  relationship  shown  in  Fig  19,  While  true  fnr  the  materials  tested, 
is  not  applicable  to  the  high  dielectric  constant  materials  such  as  water 
and  titanium  dioxide.  The  latter  la  a  pigment  frequently  used  as  a 
delustering  agent  in  synthetic  fibers.  It  should  he  noted  that  the 
correlation  holds  for  celluloslc  fibers  haring  ($  hygroscopic  moisture 
and  for  two  acrylic  sables  containing  small  amounts  of  titanium  dioxide 
as  a  delustering  agent.  This  suggests  areas  in  which  additional  work  is 
required  to  fully  understand  the  effect  of  radar  transmission  an  com¬ 
posite  structures  combining  high  dielectric  constant  laterial  with  porous 
fibrous  structures. 
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Limited  studies  on  the  effect  of  radar  transmission  characteristics 
of  carton  black  and  a  number  of  metallic  oxides  frequently  used  In 
compounding  chloroprene  used  In  coating  fabrics  were  reported  by  Cornell 
Aeronautical  Laboratories  (4).  In  general,  it  has  been  found  that  in 
order  to  obtain  the  best  radar  transmission  characteristics,  carbon 
black  and  metallic  oxides  U3ed  in  the  coating  compounds  should  be  well 
dispersed.  This  study  apparently  is  also  limited  and  further  investiga¬ 
tion  in  this  area  is  warranted  to  determine  which  of  the  oxides  and 
other  chemicals  used  in  compounding  the  coatings  for  fabrics  have  the 
least  effect  on  radar  transmissions  through  radome  materials. 

(?)  Strength  of  Fabrics  -  The  Amy  uses  breaking  strength 
tests  for  quality  control  of  the  fabric.  Method  51C0  of  CCC-T-191,  grab 
breaking  strength,  is  used  for  control  of  the  base  fabric;  and  Method 
S102,  strip  tensile,  is  used  for  control  of  the  coated  fabric.  In  these 
tests,  the  load  is  applied  and  measured  in  one  direction  and,  depending 
on  the  direction  of  the  applied  stress,  the  breaking  load  in  warp  and 
filling  is  determined.  As  pointed  out  in  the  studies  conducted  by  the 
Cornell  Aeronautical  laboratory  Report  (It),  the  test  methods  for  break¬ 
ing  strength  used  for  the  control  of  fabrics  does  not  simulate  actual 
use  conditions.  In  actual  use  the  air-supported  tent  is  subjected  to 
varying  loading  conditions— from  constant  uniform  load  due  to  internal 
pressure  to  varying  but  transient  aerodynamic  loads  which  may  be  at  any 
angle  to  the  direction  of  the  fabric.  The  application  of  loads  from 
aerodynamic  forces  can  vary  from  a  slow,  gradual  build-up  to  that  of  a 
sudden  impact.  Also,  any  vibration  or  motion  of  the  teat  fabric  leads 
to  motions  approaching  those  of  a  whipping  action.  Hence,  the  strength 
of  the  material  under  various  load  conditions  is  important  in  the  selection 
of  the  fabric  for  a  given  tent  design. 

A  discussion  of  all  aspects  of  the  strength  of  fabric  and  other 
desirable  mechanical  characteristics  is  beyond  the  scope  of  this  paper 
and  much  can  be  obtained  from  literature  (1,  6,  7,  11,  12,  13,  lU,  16, 
and  17). 

It  is  the  intent  here  to  discuss  some  limited  studies  on  biaxial 
stress  of  fabrics  conducted  at  the  U.  S.  Amy  Natick  laboratories.  The 
work  consisted  of  testing  the  burst  strength  of  a  lightweight  fabric  in 
the  form  of  both  a  dlaphram  and  cylinder.  The  diaphram  burst  test 
represents  the  loading  condition  of  a  fabric  In  the  form  of  a  spherical 
radome  and  the  cylinder  represents  the  loading  conditions  found  In  a 
cylindrical  tent.  Uniaxial  breaking  strength  tests  were  also  made  as  a 
point  of  reference.  The  stress  data  obtained  for  each  condition  of  test 
are  shown  In  Fig  20  and  21.  Figure  20  shows  the  warp  data  while  21 
shows  the  filling  data. 

In  Fig  20,  the  uniaxial  and  1-1  warp-to-filling  load  ratio,  diaphram 
burst,  show  the  highest  strength  and  stiffness.  In  the  cylinder  burst 
test,  where  the  warp  was  in  the  hoop  direction  (2-1  varp-to-fllllng  load 
ratio),  the  fabric  burst  at  a  somewhat  lower  strength  than  either  the  1-1 
load  ratio  or  the  uniaxial  test.  In  the  cylinder  test,  where  the  filling 
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was  in  the  hoop  direction  (1-2  warp-to-fllling  load  ratio),  the  filling 
ruptured  long  before  the  full  strength  of  the  warp  could  be  realised. 

The  stiffness  of  the  fabric  appeared  to  remain  the  same  for  all  modes 
of  test.  In  Pig  21,  the  stress-strain  behavior  of  the  filling  in  bi¬ 
axial  stress  showed  the  following:  For  the  1-1  warp-to-filling  load 
ratio,  the  filling  showed  the  highest  strength  and  greater  stiffness 
than  the  other  methods  of  test.  In  the  cylinder  test,  with  the  filling 
in  the  hoop  direction  (1-2  warp-to-fllling  load  ratio),  the  strength 
and  stiffness  of  the  filling  appears  to  be  the  same  as  the  uniaxial  test 
results.  Where  the  warp  was  in  the  hoop  direction  (2-1  warp-to-filling 
load  ratio),  the  warp  ruptured  before  the  full  strength  of  the  filling 
could  be  utilized.  The  above  data  suggest  that,  for  load  ratio  of  1-1, 
radome  construction  a  "square"  fabric;  i.e.,  a  fabric  with  equal  strength 
crimp  and  elongation  in  Mth  warp  and  filling  directions  should  be  used. 
Studies  conducted  at  Cornell  Aerodynamic  Laboratories  (k)  suggest  that 
peak  aerodynamic  loads  on  spherical  radomes  can  increase  the  constant 
uniform  load,  in  the  direction  of  greatest  stress,  by  a  factor  of  2.1. 
However,  since  the  aerodynamic  loading  can  approach  the  fabric  from  any 
angle,  one  must  make  the  fabric  uniformly  strong.  Therefore,  the  premise 
for  using  a  fabric  equal  in  strength,  crimp  and  elongation,  in  both  warp 
and  filling  direction,  la  still  valid.  By  increasing  the  uniform  load 
due  to  internal  pressure  by  a  factor  of  2.1,  peak  aerodynamic  lo^ds  in 
spherical  radome3  would  be  accounted  for. 

From  the  geometry  of  an  inflated  cylinder  and  above  tests,  the  stress 
due  to  internal  pressure  alone  is  twice  as  great  In  the  hoop  direction 
tnan  in  the  longitudinal  direction.  This  would  indicate  that  the  fabric 
for  cylindrical  tents  should  be  designed  with  1/2  the  strength  in  the 
longitudinal  direction.  As  indicated  by  the  biaxial  test  data  (Fig  20 
and  21),  the  yarns  in  the  longitudinal  direction  barely  approached  1/2 
their  potential  strength  before  rupture  in  the  other  yam  system  caused 
the  cylinder  to  fail.  Thus,  for  stress  due  to  internal  pressure  alone, 
excess  strength  in  the  longitudinal  direction  is  not  needed  in  cylindrical 
tents  and  adds  to  the  cost  and  weight  of  the  item  without  increasing  its 
performance.  However,  to  present  the  full  condition  of  loading  in  a 
cylindrical  tent,  the  aerod-namic  loading  must  also  be  considered.  Guta 
on  the  aerodynamic  loading  of  fabrics  in  cylindrical  tents  are  current 1 y 
being  investigated  (2,  20). 

The  above  is  a  highly  simplified  version  of  matching  fabric  strength 
properties  to  the  requirements  of  the  tent.  The  obstacles  encountered 
in  determining  fabric  stress  under  dynamic  conditions  are  well  recognize.', 
as  are  those  for  the  development  and  production  of  fabrics  to  meet  exact¬ 
ing  end  use  requirements.  These  two  objectives  represent  desired  goals 
to  be  attained,  rather  than  firmly  established  practices  in  common  use 
today.  The  measurement  of  fabric  stress  under  the  dynamic  conditions  in 
the  wind  tunnel  involves  the  development  of  techniques  whereby  stress 
concentrations  in  fabrics  can  be  located  and  measured  by  direct  or  indirect 
means.  The  development  of  the  scale  for  the  ae roe  last ir  parameter  for 
fabrics  ir.  test  models  is  the  first  step  in  this  direction. 
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The  attainment  of  the  desired  properties  in  the  fabric  is  another 
subject  which  should  be  mentioned  before  concluding  this  paper.  If 
fabric  development  were  to  keep  pace  with  the  development  of  air-supported 
tents,  one  can  no  longer  afford  the  time  required  for  this  development 
based  on  traditional  craft-  d  experience.  With  few  exceptions  in  the 
area  of  specialty  fabrics,  experience  in  producing  fabrics  to  meet  the 
requirements  for  air-supported  tents  still  has  to  be  attained.  Even 
though  the  best  fabrics  available  have  been  used  in  the  fabrication  of 
the  tents  developed  for  the  Army,  they  were  adaptations  of  good 
commercial  fabric  of  multi-purpose  use.  The  traditional  method  for 
selecting  fabrics  for  alr-oupported  tents  was  on  the  basis  that  they 
were  rugged  and  strong  enough  to  exceed  the  maximum  calculated  design 
load  for  the  tent.  Less  attention  was  given  to  strength  and  crimp 
balance  in  the  fabric  wht.:  used  for  air-supported  tents.  This  traditional 
approach  to  the  development  of  fabrics  for  air-supported  tents  produces, 
at  best,  a  compromise  in  fabric  selection.  The  full  potential  of  light¬ 
ness  in  weight,  durability,  reliability,  low  cost,  and  slse  of  the  air- 
supported  tent  cannot  be  realized  in  this  manner.  It  is  suggested  that 
fabrics  for  air-supported  tents  be  designed  utilizing  information 
developed  on  the  theorct f-nl  behavior  of  woven  fabric  which  is  subjected 
to  biaxial  stress.  Some  information  in  this  area  is  available  from 
literature  (7,  13,  l1 2 3*,  and  17). 

This  approach  would  provide  the  means  for  an  engineering  analysis 
of  material  for  either  predicting  the  performance  of  a  given  fabric,  or 
for  determining  which  fabric  would  be  most  suitable  for  a  particular 
application  or  for  the  basic  design  of  a  fabric  to  fit  a  particular 
application. 

Fabric  engineering  can  only  be  as  effective  as  the  information  relative 
to  the  desired  characteristics  of  d  fabric  is  known.  Through  wind  tunnel 
studies.  Military  Characteristic^  and  other  available  information,  the 
Army  13  developing  the  required  characteristics  for  fabrics  to  be  used 
for  air-supported  tents.  The  studies  on  fabric  structure  and  stress 
analysis  will  be  extended  to  the  design  and  production  of  fabrics  to 
meet  the  exacting  mechanical,  electrical,  and  other  requirements  for  air- 
supported  tentage. 

In  conclusion,  therefore,  the  Array  has  shown  eleven  air-supported 
tents  developed  to  meet  specific  operational  requirements.  The  fabrics 
used  by  the  Army  were  described  and  the  following  problem  areas  were 
discussed: 

(1)  Fabric  coating  compounds  with  inyroved  flexibility  at  low 
temperatures . 

(2)  High-tenacity  fibers  with  improved  weathering  characteristics. 

(3)  Studies  on  the  dielectric  constants  on  composite  structures 
combining  high  dielectric  constant  materials  with  fibrous  structures. 
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(U)  Studies  on  the  theoretical  behavior  of  voven  fabric 
subj-'cted  to  biaxial  stress  conditions. 

It  Is  In  these  areas  where  additional  research  work  Is  required  to 
develop  the  full  potential  use  for  air-supported  tents  under  all 
climatic  conditions.  Also,  it  was  pointed  out  that  the  developments  of 
air-supported  tents  and  fabrics  go  hand  in  hand.  It  is  felt  that  only 
through  this  approach  can  the  full  potential  for  lightness  in  weight 
and  reliability  of  the  air-supported  tents  be  developed. 
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MECHANICALLY  MIXED  POLYURETHANE 
FOAM-RIGIDiZED  SOLAR  COLLECTORS 

L.  Manning 

Goodyear  Aerospace  Corporation 


INTRODUCTION 


The  polyurethane  foam  industry  has  experienced  spectacular  growth  in 
this  country  since  World  War  II  when  the  German  patents  and  literature  be¬ 
came  available.  Although  the  German  data  furnished  the  starting  basis,  the 
greater  share  of  growth  can  be  attributed  to  the  original  research  of  U.  S. 
raw  material  suppliers,  the  consumer  industry  development  of  new  products 
and  methods,  and  government-sponsored  research  programs. 

Goodyear  Aerospace  Corporation  engaged  in  this  early  development  work 
with  polyurethane  foams  in  1946  on  Air  Force  contract  W33-038-ac  1 5228. 
Subsequently,  the  polyurethane  foam  manufacturing  technology  has  been  per¬ 
fected  and  applied  to  innumerable  uses  by  the  aerospace  industry,. 

Approximately  five  years  ago  the  company  became  interested  in  the  po¬ 
tential  use  of  foam  for  space  application  in  an  inflatable,  ngidizable  solar 
concentrator.  Contract  No.  AF-33{657)- 1 0165  was  initiated  last  year  to  de¬ 
velop  the  foaming  technology  for  such  an  application.  This  discussion  will 
be  essentially  a  status  report  of  the  effort  conducted  under  this  contract  to 
date. 


GENERAL  FEATURES  OF  INFLATABLE  RIGIDIZED 
SOLAR  CONCENTRATOR 


The  inflatable-rigidizable  concept  for  solar  concentrator  construction 
discussed  herein  is  equally  adaptable  to  a  number  of  rigidization  mediums, 
such  as  epoxy  resins,  gelatins,  polyurethane  foams,  and  others.-  This  dis¬ 
cussion  is  limited  to  a  mechanically  mixed  polyurethane  foam  rigidization 
system. 

The  configuration  shown  m  Figure  1  is  applicable  to  a  general  space 
mission.  During  launch,  the  inflatable  balloon  will  be  packed  in  a  container 
similar  to  that  used  for  the  Echo  satellites.  In  space,  the  container  will  be 
jettisoned  and  the  balloon  inflated  to  a  specific  pressure.  The  concentrator 
portion  of  the  balloon  is  a  Highly  accurate  paraboloidal  shape  that  is  tangent 
to  a  spherical  end  cap.  A  uackflap  is  provided  over  the  back  of  the  concen¬ 
trator  portion  to  disperse  and  restrain  the  foam  to  <he  desired  thickness  and 
distribution. 


Figure  1  -  Deployment  and  Rigidization  of  Solar  Concentrator 
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The  mirror  portion  o f  the  balloon  is  constructed  of  one-mil  Mylar  with 
a  vacuum -deposited  aluminum  rcfleilive  surface.-  The  remainder  of  the  bal¬ 
loon  can  be  clear  Mylar  or  coated  d  -pending  on  the  passive  thermal  control 
desired  during  deployment.  The  b  :kflap  might  be  either  l/2-niil  Mylar  or 
lightweight  nylon  cloth,  depending  >n  the  degree  of  gas  venting  desired  for  the 
particular  foam.  After  the  foam  has  been  dispersed  and  ■  tgidized,  the  end 
cap  will  be  cut  off  by  means  of  a  pyrotechnic  tape  and  jettisoned.- 


GENERAL  FEATURES  O'  MECHANICAL-MIX  FOAM  SYSTEM 


One  of  the  mechanical  mixer  foaming  system.!  currently  in  use  is  shown 
in  Figure  i.  A  two-compcnent  s/stem  or  resin  and  prepoiymer  in  approxi¬ 
mately  equal  proportions  is  used  in  this  syctem.  1'hi  resin  is  stored  in  two 
sealed  Mylar  bags  between  the  mixer  blades  and  tot  ,  ■■(•polymer  occupies  ini- 
remainder  of  the  cavity.  When  the  mixer  is  started,  ti  .:  r-.a  n  bag  is  torn  and 
shredded  and  the  two  components  are  thoroughly  mixed.  As  cheio’cal  reaction 
occurs,  the  pressure  rises  in  the  container  until  the  diaphragm  burnt  •  and  the 
foam  discharges  into  the  annular  opening  in  the  hub  that  leads  to  the  space  be¬ 
tween  the  backflap  and  the  back  side  of  the  mirror  surface  film.  As  the  foam 
continues  to  expand  in  the  fluid  state,  it  is  forced  ouf  over  the  mirror  surface 
film  by  the  backflap  restraint. 


MAJOR  PROBLEM  AREAS 

The  problem  areas  reviewed  herein  are: 

I. .  Effect  of  vacuum  on  foam  during  the  chemical  reaction 
2.  Achievement  of  foam  distribution  prior  to  ngidization 

J.  Control  of  exothermic  reaction  within  acceptable  limits 

4.  Determination  of  thermal  and  physical  propt  rties  of 
vacuum  foams  to  establish  vital  design  data 


EFFECT  OF  VACUUM  ON  FOAM 


The  major  problem  associated  with  foaming  in  a  space  environment  is  the 
effect  of  high  vacuum.  Polyurethane  foaming  by  its  basic  chemical  nature  is 
accompanied  by  the  formation  of  CO^  gas  during  the  cross  baking  of  the  poly¬ 
mer.  Any  gas  in  a  high  vacuum  has  practically  an  infinite  expansion  ratio.,  in 
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space,  the  only  restraint  to  this  expansion  is  obtained  either  from  physical 
properties  of  the  jelling  fluid  or  from  the  container  (such  as  the  hackflap  over 
the  mirror).  These  can  be  only  rather  limited  effects  that  will  be  covered  in 
the  following  discussion. 

The  polyurethane  chemicals  start  out  as  a  pair  of  viscous  fluids  that  pre¬ 
sent  very  little  resistance  to  the  gas  pressure  forces  involved.-  During  the 
jelling  process  the  foam  cell  size  increases  as  the  gas  expands,  more  CO^ 
is  produced,  and  some  cells  coalesce  when  their  intercell  walls  become  thin 
and  break  through. 

If  rigidization  occurs  before  the  foam  has  collapsed  from  excessive  bub¬ 
ble  sixes,  a  foam  is  successfully  achieved.  The  foam  is  an  open-cell  type  if 
bursting  of  cells  occurs  just  as  the  foam  ngidizes..  If  the  foam  ngidizes 
without  bursting  the  cells,  a  closed-cell  foam  is  obtained.  An  excellent  de¬ 
scription  of  the  mechanics  of  foam  formation  is  given  in  Reference  1  .- 

The  open-cell  foam  usually  is  coarse  and  nonuniform  m  cell  struct,-re 
compared  with  the  closed-cell  type.  This  latter  structure  is  more  homoge¬ 
neous  and  exhibits  more  adequate  physical  properties.  So  far  it  has  only  been 
possible  to  produce  the  closed-cell  foam  in  a  vacuum  with  the  aid  of  some  con¬ 
tainer  restraint  such  as  a  backl’lap. 

The  drawback  to  the  closed-cell  structure  that  is  produced  in  a  vacuum 
,s  the  difficulty  in  determining  its  physical  properties  in  a  normal  atmosphere. 
Whereas  the  open-cell  structure  can  be  remover)  from  vacu-r.'.  for  testing  pur¬ 
poses  .viiuuut  suftei  ing  collapse,  the  closed-cell  structure  at  densities  slightly 
below  i  pcf  will  be  crushed  by  the  pressure  of  one  atmosphere.- 

The  approach  used  has  been  to  test  the  closed-cell  foams  at  a  range  of 
higher  densities,  2,  3,  and  -1  pcf,  and  to  extrapolate  the  results  into  the  lower 
density  region.-  It  is  realized  such  an  extrapolation  might  be  questionable  but 
a  few  limited  tests  have  been  made  on  open-cell,  0.  6-pcf  foams  that  were  pro¬ 
duced  with  less  container  restraint  with  excellent  uniformity  of  cell  structure.. 
Unfortunately,  it  has  not  been  possible  to  achieve  consistently  sufficient  quan¬ 
tities  for  a  comprehensive  series  of  tests.:  The  correlation  achieved  so  far  is 
shown  in  Figure  3.: 


FOAM  DISTRIBUTION  PROBLEMS 


It  was  determined  during  tests  in  a  vacuum  chamber  at  250,  000-ft  altitude, 
that  there  is  a  relatively  short  period  (approximately,  one  minute  maximum) 
m  which  rigidization  should  occur  or  the  foam  will  collapse  from  excessive 
expansion  o'.  the  gas.  When  the  formula  was  changed  to  achieve  a  much  briefer 
time  to  rigidization,  the  foam  did  not  remain  fluid  long  enough  for  proper  dis¬ 
persion  over  a  surface.  In  cases  of  more  violent  gas  evolution,  a  foam  col¬ 
lapse  again  occurred  from  the  very  rapid  expansion  of  gas.  Some  cases  were 
observed  also  in  which  the  fluid  remained  very  liquid  for  an  excessive  interval 
and  boiling  rather  than  foaming  took  place.. 

Numerous  attempts  were  made  to  reduce  radically  the  amount  of  CO^  gas 
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Figure  3  -  Strength  versus  Density  of  Vacuum-Formed  Polyurethane  Foams 
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formation  (to  achieve  a  denser  foam)  by  partial  prereaction  of  the  chemical 
components,  by  further  distillation  to  remove  as  much  residual  moisture  as 
possible,  and  by  itying  a  variety  of  basic  resins  and  prepolymers  from  sev¬ 
eral  manufacturers.  No  observable  improvement  over  the  original  formula¬ 
tion  was  achieved.  With  foam  fluidity  limited  to  such  a  brief  interval,  ade¬ 
quate  dispersion  of  the  foam  becomes  a  problem. 

The  logical  location  for  the  foam  generator  is  at  the  apex  of  the  mirror. 
On  early  tests  with  a  two-foot  diameter  mirror,  which  are  covered  in  detail 
later,  the  dispersion  was  not  satisfactory.  The  two-foot  mirrors  were  made 
with  a  Mylar  backflap  set  rather  loosely.  The  foam  rigidized  at  the  rim  and 
stopped  further  radial  flow  before  foaming  was  complete,  resulting  in  an  ex¬ 
cessively  thick  section  of  foam  at  the  hub  that  did  not  extend  out  to  the  rim. 
When  the  backflap  was  pulled  more  taut,  the  expansion  of  the  foam  buckled 
the  mirror  surface  inwardly  because  of  the  excess  pressure  and  ruined  its 
contour  .- 

The  next  step  consisted  of  using  a  tightly  woven  nylon  cloth  for  a  portion 
of  the  backflap  based  on  the  theory  that  this  would  relieve  the  excess  back 
pressure.  After  a  few  tries  this  method  was  found  to  give  consistent  results. 

A  conceptual  design  of  a  mechanical  means  to  achieve  proper  dispersion 
also  was  originated,  as  shown  in  Figure  4,  but  it  was  not  evaluated  after  suc¬ 
cess  was  achieved  with  the  nylon  cloth  backflap.  By  the  mechanical  concept, 
a  ring  collar  would  depress  the  backflap  until  it  is  fairly  taut  against  the  mir¬ 
ror  envelope.  Upon  initial  discharge  of  foam,  the  mirror  contour  might  be 
depressed  somewhat,  but  as  soon  as  proper  radial  dispersion  is  achieved 
(while  the  foam  is  still  in  a  fluid  state),  the  collar  mechanism  could  be  un¬ 
locked  and  the  backflap  left  free  to  expand  to  its  full  dimensions,  thus  per¬ 
mitting  the  inflation  pressure  to  restore  the  minor  surface.  This  principle 
can  be  used  to  extend  the  maximum  size  limits  of  mechanical-mix  mirrors, 
but  additional  work  must  be  done  to  establish  these  limits. 

Another  scheme  to  achieve  dispersion  on  larger  size  mirrors  is  shown 
in  Figure  5.  This  method  consists  of  directing  the  foam  through  Mylar  duct¬ 
ing  to  remote  areas  of  the  collector.  Thus  dispersion  is  accomplished  while 
the  foam  ingredients  are  still  m  a  highly  fluid  and  dense  state.  By  proper 
sizing  of  the  ducts  and  their  discharge  holes  the  proper  distribution  of  mass 
quantities  can  be  achieved.  As  expansion  occurs  during  the  chemical  reaction, 
tne  foam  patterns  flow  together  and  fill  the  backflap  void.  The  ducting  offers 
a  secondary  advantage  by  providing  a  harder  core  structural  member  that 
joins  the  hub  to  the  lightweight  foam. 

Some  limited  small-scale  testing  of  ducting  systems  has  been  conducted, 
using  cylinders  and  yanels  to  establish  the  feasibility  of  the  concept.  Addi¬ 
tional  work  is  planned  to  understand  the  design  parameters  involved. 


DISCUSSION  OF  EXOTHERMIC  PROBLEM 


A  typical  exothermic  temperature  profile  from  current  foaming  tests  with 
2-ft-diameter  models  in  a  vacuum  chamber  is  shown  m  Figure  6. 


Figure  4  -  Design  Concept  of  Expandable  Bat  ktlap 
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Nolo  that  maximum  temperature  occurs  in  tlie  region  near  the  hub  This 
i  an  In*  attributed  partially  to  the  fact  that  all  the  foam  originates  at  the  hub 
and  lutn  to  traverse  this  region  to  reach  the  rim,  but  it  is  mainly  because  the 
mirror  m  thickest  in  this  region  and  the  total  heat  produced  is  proportional 
io  the  mans  of  chemicals  when  all  other  factors  are  held  constant. 

It  will  hi*  noticed  also  that  some  cooling  effect  occurs  in  the  mixer  im¬ 
mediately  after  diaphragm  rupture.  This  might  be  due  partially  to  the  heat 
sink  provided  by  the  metal  structure,  hut  because  of  the  rapidity  of  the  tem¬ 
perature  drop,  it  is  believed  more  likely  to  be  caused  by  the  rapid  expansion 
of  the  entrained  gases. 

1  he  maximum  temperatures  that  were  experienced  in  these  tests  are 
within  the  current  design  pressure  stress  limits  of  the  Mylar  envelope,  but 
a  higher  temperature  seaming  tape  (Schjetdahl  -  GT-301)  was  found  required 
after  a  few  failures  of  Beams  in  the  early  tests. 

The  Mylar  film  goes  through  a  stretch  ami  shrink  cycle  as  the  foam  tem- 
poiatuie  increases  and  then  decreases  because  of  the  decreased  modulus  of 
clast  icily  at  higher  temperatures. 

Observation  of  the  exothermic  effects  of  variations  in  formula,  indicates 
tli  ii  only  a  limited  temperature  reduction  can  be  obtained  by  such  changes. 

I  lie  reaction  time  of  foams  produced  under  ambient  pressure  conditions  can 
hi*  .-  lowed  down  by  varying  the  formula  but  the  same  treatment  of  a  foam  pro¬ 
duced  in  a’vacuum  results  either  in  a  collapsed  foam  or  in  one  with  poorer 
physical  properties. 


PROBLEMS  ASSOCIATED  WITH  DETERMINATION  OF  FOAM 
PHYSICAL  PROPERTIES 


When  attempting  to  make  specimens  for  physical  test  at  atmospheric 
pressure  of  foam  produced  in  a  vacuum,  it  waa  found  that  foam  with  a  pre¬ 
dominantly  closed-cell  structure  and  less  than  Z-pcf  density  would  suffer  rad¬ 
ical  shrinkage  when  removed  from  the  vacuum  chamber. 


It  was  believed,  therefore,  that  physical  testing  of  such  foam  under  am¬ 
bient  pressures  would  introduce  a  significant  error  in  results  that  could  not 
be  corrected  analytically  with  any  degree  of  confidence.  Hence,  special  test 
fixtures  were  designed  to  test  the  specimens  in  a  vacuum. 


Bulk  foam  quantities  of  approximately  Z-,  3-,  and  4.  5-pcf  density  were 
then  foamed  in  a  vacuum  chamber,  ;  .  rneved  ju~t  '..".ng  enough  in  nine  and 
weigh  the  specimens  accurately,  and  then  again  stored  in  vacuum  until  they 
could  be  tested. 


Since  foams  actually  produced  in  the  two-foot-diameter  mirror  models 
were  in  the  0.5-  to  0.7T-pcf  density  range,  it  is  desirable  to  extrapolate  the 
physical  properties  data  to  this  region.  As  mentioned  previously  the  accu¬ 
racy  of  this  amount  of  extrapolation  might  be  questionable.  Fortunately,  a 


low  bulk  foams  of  0.5-pcf  density  that  md  not  shrink  were  produced  during 
some  quality  assurance  tests..  These  n  "re  predominantly  open-cell  type  but 
of  uniform  cell  structure  approximating  the  closed-cell  uniformity..  These 
foams  were  tested  and  they  furnished  reliable  data  points  for  fairing  in  some 
extrapolations . 

Unfortunately  the  open-cell  foam  usually  produced  by  the  current  method 
has  such  large  voids  and  nonuniformity  that  it  is  not  suitable  for  test  speci¬ 
mens.- 


PHYSICAL  PROPERTIES  TEST  PROGRAM 


To  provide  basic'  design  data  for  a  foam- ngidized  solar  concentrator,  a 
number  of  physical  properties  of  the  foam  must  be  established..  The  proper¬ 
ties  listed  in  Table  I  were  considered  the  minimum  required  to  establish 
reasonable  confidence  in  a  material.  These  properties  are  currently  being 
determined  in  a  test  program 


TABLE  I  -  PHYSICAL  PROPERTIES  DATA  REQUIRED 


Structural 

Opt>  cal -thermal -physical 

Stress-strain 

Surface  reflectivity 

Shear  strength 

!  Solar  absorptivity-emis- 

Foam  to  Mylar  bond  strength 

sivity  values  of  reflective 
surface 

Creep  Strength 

Linear  thermal  coeffi- 

Dimensional  stability  versus 

cients  of  expansion 

time 

Thermal  conductivity 

Poisson's  ratio 

i 

STRUCTURAL  PROPER  IIES  TESTS 


Typical  plots  ot  tensile  strengths  and  tensile  modulus  versus  density  at 
room  temperature  and  at  185  F  are  shown  in  Figure  7. 

Shear  strength,  bond  strength,  and  Poisson's  ratio  tests  have  not  yet  been 
accomplished.-  A  few  creep  tests  have  been  initiated,  but  results  are  not  avail¬ 
able. 

Dimensional  stability  versus  time  was  conducted  on  one  specimen.-  No 
significant  distortion  was  observed  but  the  data  ai  e  too  limited  to  warrant  any 
conclusions. 
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Figure  7  -  Strength  versus  Density  at  75  and  185  Fahrenheit 
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OPTICAL  THERMAL  PHYSICAL  PROPERTIES 


Reflectivity  tests  have  been  conducted  with  the  Perkin-Elmer  Model  98 
monochromator  in  the  wave  length  region  from  0.  3  to  Z.  5  .  A  curve  of 
typical  reflectivity  achievable  with  production  vacuum-deposited  aluminum 
Mylar  is  shown  in  Figure  8.:  This  figure  also  shows  the  reflectivity  of  a 
laboratory  specimen  of  this  same  film  coated  by  a  proprietary  Bausch  and 
Lomb  process  to  improve  its  emissivity.  It  is  suspected  that  this  coating  is 
essentially  silicon  monoxide  because  the  results  are  comparable  with  those 
reported  in  Reference  Z.  Additional  work  with  films  coated  with  varying  thick¬ 
nesses  of  silicon  monoxide  is  currently  being  conducted  with  company  research 
and  development  funds.  The  results  of  this  work  will  be  available  shortly. 

Mirror  performance  is  concerned  primarily  with  specular  reflectance 
rather  than  total  reflectance.  Therefore!  these  curves  are  of  interest  pri¬ 
marily  in  determining  efficiencies  of  a  concentrator.  Incidentally!  foam- 
backed  specimens  of  these  same  filr.i  materials  exhibited  practically  the 
same  reflectivity  values.  Howevert  in  thermal  analyses  of  concentrator 
operating  temperatures  and  thermal  gradients!  the  total  reflectivity  deter¬ 
mines  how  much  of  the  solar  heat  flux  is  absorbed  by  this  surface.  (It  has 
been  found  with  the  thickness  of  vacuum-deposited  aluminum  coating  pres¬ 
ently  used,  namely  600  to  <1000  A,  that  transmissibility  is  a  negligible  quan¬ 
tity.  )Since  absorptivity  is  not  amenable  to  any  further  significant  reduction, 
it  becomes  evident  that  the  greatest  reduction  of  operating  temperatures  can 
be  achieved  by  increasing  emissivity  values.  This,  of  course,  must  be  ac¬ 
complished  without  seriously  degrading  reflectivity. 

Determination  of  a/t  values  was  conducted  on  specimens  suspended  in 
the  vacuum  chamber  of  the  solar  simulator  shown  in  Figure  9-  The  speci¬ 
mens  used  were  reflective  Mylar  films  applied  to  a  thin  disk  of  aluminum. 

The  outside  was  exposed  to  a  solar  flux  equivalent  to  two  suns  and  the  in¬ 
terior  of  the  vacuum  chamber  was  a  nitrogen  cold  wall  simulating  outer  space. 
With  this  setup  a  time-temperature- increase  history  was  obtained  on  the  speci¬ 
mens.  The  data  obtained  from  these  tests  are  shown  in  Figure  10.  One  curve 
represents  the  commercially  available  ri.ilective  film  surface.  The  other 
curve  was  obtained  from  a  special  laboratory-prepared  specimen  with  a  pro¬ 
prietary  coating.  A  major  improvement  results  from  the  use  of  this  coating.; 
To  arrive  at  absolute  values  for  absorptivity  and  emissivity  an  evaluation 
method  was  used  as  discussed  in  detail  in  Reference  3.; 

Absorptivity  values  as  low  as  0.07  have  been  obtained,  although  0. 1 25  is 
a  more  representative  value  to  be  expected  without  premium  expenditures  to 
achieve  the  higher  quality. 

The  laboratory  specimen  with  the  special  emissivity  coating  exhibited  an 
average  absorptivity  of  0. 17,  but  it  is  suspected  that  the  original  film  was 
very  close  to  this  same  quality  prior  to  processing  and  therefore  did  not  de¬ 
grade  the  material  by  even  the  0.  045  Aarg  indicated. 

The  emittance  of  the  uncoated  aluminized  Mylar  ranged  from  0.045  • 

0.065,  whereas  the  specially  coated  films  achieved  0.55  to  0.65.  This  dras¬ 
tic  change  in  emissivity  is  the  basic  reason  for  the  spectacular  drop  in  equili¬ 
brium  temperature  of  the  latter  test  specimen,  as  indicated  in  Table  II. 
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Figure  8  -  Wave  Length  versus  Absolute  Reflectivity  of  Two  Types 
of  Reflective  Coating 
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Figure  9  -  Solar  Simulator  for  Absorptivity  and  fcimi3sivity  Tests 


Sonic  typieal  orbital  computations  of  trout -taco  and  back-face  tempera¬ 
tures  are'  indicated  in  Figure  II. 

The  ease  representing  the  specially  coated  surface  shows  peak  tempera¬ 
tures  and  reasonable  thermal  gradients  well  within  the  limits  of  the  foam  and 
Mylar  materials..  The' case  representing  commercially  available  aluminized 
Mylar  is  mui  li  higher  in  peak  temperature  and  exhibits  much  larger  thermal 
cycles.  The  data  and  analysis  are  not  comprehensive  enough  to  warrant  elimi¬ 
nating  the  latte:  material,  out  they  do  indicate  an  extremely  marginal  condi¬ 
tion. - 


TABLE  II  -  SOLAR  CONCENTRATOR  RADIATION  EQUILIBRIUM  DATA 


F  ront 

1 

face  ! 

Back  face 

- - - - - -r 

Temperatures  (F) 

Maximum  Minimum 

Conduc - 
tivity/ 
thick¬ 
ness 

Material 

absorp¬ 

tivity 

einis  - 
sivily 

absorp¬ 

tivity 

erms- 

sivity 

front 

face 

back 

face 

front 

face 

back 

face 

0.  1000 

i 

0. 0050 

0.  £000 

0. 8000 

£91.0 

38.  1 

-161.5 

*£46. 6 

0.033 

0.  1000 

0. 0650 

0.  2000 

0.8000 

£74.0 

4£.  8 

-18£.0 

! 

;  -£43.  £ 

0.  050 

0.  1000 

0. 0650 

0.  £000 

0. 8000 

£33.5 

51.6 

-£06.5 

-£39.  1 

0.  100 

Uncoated 

0. 1000 

0. 0650 

0. £000 

0.8000 

184.  5 

60.  5 

-££1.0 

-£37.8 

0.  £00 

..iumimzed 

1 

0.  033 

Mylar 

1  0.  070U 

0.04  50  ! 

O.'OOO  1 

0.8000 

£77.0 

37.8 

-194.5 

-£60.  3 

0.  0700 

0.  0450 

0. £000 

0.8000 

£54.5 

41.5 

-£1£. 5 

-£58.  3 

0.  050 

0.0700 

0.0450 

0. £000 

0. 8000 

£05.  5 

48.  8 

-£3£. 5 

-£56. £ 

0.  100 

0.  0700 

0.0450 

0.£000 

0.8000  1 

1 

153.  5 

53.9 

-£43.5 

-£55.6 

0.  £00 

0. 1500 

0. 5500 

0.3000 

0.8000 

51.0 

££.  5 

-58.5 

-195.  1 

0.050 

0.  1500 

0. 5500 

j  0.  £U00 

0. 8000 

49.  5 

£7.  7 

-71.5 

[  -170.3 

0.  1  30 

Aluminized, 

Mylar 

0.  1500 

0. 5500 

1  0. £000 

0. 8000 

47.  0 

£9.8 

-85.5 

-149.7 

0.  £00 

coated  lor 

! 

ennssivity 

0.  1500 

O 

o 

o 

1  0. 3000 

0.  3000 

59.5 

1  19.6 

-51.0 

-149.6 

0.050 

improvement 

0.  1500 

0. 5500 

1 

0.3000 

0.  3000 

63.5 

115.  1 

-58.  0 

-1£5.  1 

0.  100 

0.  1500 

0. 5500 

0.  3000 

o. :ooo 

69.0 

110.  1 

-64.5 

-105. 9 

0,  £00 
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Figure  il  -  Orbital  Computations  of  Front-  and  Back-Face  Temperature 
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THERMAL  CONDUCTIVITY  OF  FOAM 


Thermal  conductivity  testa  of  foams  are  now  being  conducted  with  a  Wyle 
laboratory  Model  140A  analyzer,  modified  to  place  the  guarded  hot  plate  in  a 
bell  jar.  Early  tests  of  foarns  in  the  2.0-pcf  density  region  have  demonstrated 
values  of  0.04  for  K.  It  was  at  first  suspected  that  this  value  was  too  high  for 
a  completely  evacuated  foam,  but  specimens  that  were  left  in  the  bell  jar  for  a 
period  of  time  at  10*^  Torr  and  did  not  show  any  significant  decrease. 


HEAT  DISTORTION  TEMPERATURE 


Quite  early  in  the  current  program,  it  was  found  that  the  heat  distortion 
point  was  a  major  criterion  in  the  toam  selection  process.  It  was  found  also 
that  the  test  to  determine  linear  thermal  coefficients  of  expansion  could  be 
used  as  a  screening  test  to  permit  rapid  evaluation  of  the  distortion  factor. 
The  test  setup  is  shown  tn  Figure  12.  In  this  test,  the  temperature  of  the 
specimen  is  raised  gradually,  its  elongatiou  is  observed  periodically  with  the 
cathetometer,  and  the  data  are  plotted  as  elongation  versus  temperature.  A 
curve  of  the  type  shown  in  Figure  13  is  generated. 

Foams  that  exhibit  a  flatter  slope  at  the  left  end  of  the  curve  will  be  more 
susceptible  to  thermal  gradient  distortion  and  those  with  a  lower  knee  to  the 
curve  will  necessarily  be  restricted  to  lower  operating  temperatures. 

It  was  discovered  also  that  the  general  characteristic  of  the  curve  was 
quite  independent  of  density  in  the  region  of  interest  and  with  the  formulas 
that  were  investigated.  The  elongation  versus  temperature  test  therefore 
becomes  a  useful  quality  control  tool  for  detecting  inadvertent  deviations  in 
processing,  errors  in  formulation,  and  deterioration  of  ingredients.. 


RIGIDIZATION  OF  TWO-FOOT-DIAMETER  MIRROR  UNITS 


The  test  installation  of  a  2-ft  mirror  unit  in  a  250,  000-ft  altitude  chamber 
is  shown  in  Figure  14.  A  modified  unit  soon  to  be  tested  in  RTD*S  high  vacu¬ 
um  chamber  (10*®  Torr)  is  shown  in  Figure  15. 

Some  mirrors  that  were  foamed  in  the  Goodyear  Aerospace  vacuum  cham¬ 
ber  are  shown  in  Figure  16.  In  these  mirror  rigidizations,  the  contour  of  the 
inflated  envelope  is  checked  prior  to  foaming,  after  the  foam  has  rigidized, 
and  again  after  the  envelope  inflation  pressure  has  been  released  by  cutoff  by 
a  device,  as  shown  in  Figure  17.  The  purpose  of  the  several  measurements 
is  to  determine  the  effect  of  foam  rigidization  and  spring  back  on  the  original 
contour.  With  these  data  the  envelope  can  then  be  previously  contoured  by 
proper  offsets  to  achieve  a  final  true  paraboloid.  A  typical  plot  of  the  data 
obtained  is  shown  in  Figure  18. 
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Figure  18  -  Typical  Deviation  from  True  Paraboloid 
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In  addition  to  the  dimensional  checks,  the  following  items  are  monitored: 

1.  Mixer  power  and  speed 

Z.  Mixer  foam  pressure 

3.  Mixer  foam  temperature 

4.  Exothermic  temperature  profile  in  foam 

5.  Thickness  of  foam 

Several  mirrors,  some  of  which  are  shown  in  Figure  16,  have  been  made 
that  suffered  only  very  slight  shrinkage  when  removed  from  the  vacuum  cham¬ 
ber.  These  were  made  with  foams  of  predominantly  open-cell  structure. 
However,  the  mirrors  that  have  exhibited  the  best  reflective  surface  by  visual 
observation  while  still  in  the  vacuum  were  predominantly  closed-cell  foam 
types.  These  mirrors  arc  crushed  by  the  pressure  of  one  atmosphere  and  are 
unsuitable  for  direct  comparison  after  r-.  rnoval  from  the  chamber. 


CONCLUSIONS 


Additional  work  is  required  in  the  development  of  inflatable  rigidized  solar 
concentrators  in  the  following  areas: 

1.  Investigate  further  the  duct  dispersion  method  to  establish 
design  criteria 

Z.,  Continue  larger  scale  mirror  evaluations  in  vacuum 

3.  Achieve  solutions  to  the  problems  of  testing  a  mirror 
while  still  in  the  vacuum  chamber  or  achieve  a  foamed 
mirror  that  will  not  crush  when  removed 

4.  Investigate  reflective  films  to  improve  reflectance, 
a/l  ratios,  and  physical  properties 

5.  Improve  seaming  methods 

6.  Continue  work  with  foam  physical  properties 
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DEVELOPMENT  OF  A  ONE  PART  ''FOwMM- SPACE"  POLYURETNMIE 

•V 

Seymour  Schwartz 
Materials  Technology  Department 
Hughes  Aircraft  Company 


INTRODUCTION 

In  1958  the  Materials  Engineering  •  ranch.  Applications  Laboratory 
of  the  Aeronautical  Systems  Division  of  Mrtght-fatt'erson  Air  Force  Base 
initiated  a  number  of  in-house  exploratory  Investigations  to  data  mine  the 
feasibility  of  producing  polyurethane  foaa  at  reduced  atmospheric  pressures, 
simulating  outer  space  conditions.  These  tests  Included  miming  of  conven¬ 
tional  urethane  foam  components  In  a  vacuum  end  the  use  of  catalyst-water 
systems  absorbed  on  silica  gals.  The  results  of  this  preliminary  work 
indicated  that  polyurethane  foams  could  be  utilised  at  a  reAtced  atmospheric 
pressure  to  produce  such  objects  as  rigidited  inflatable  structures,  lunar 
shelters,  furniture,  thermal  Insulation  shock  absorbing  devices,  etc.  Hmever, 
It  was  also  demonstrated  that  conventional  formulations  and  processing 
techniques  would  not  be  sui tabid  for  use  under  these  conditions. 

As  e  result  of  the  preliminary  work,  which  established  feasibility 
of  the  vacuum  fomasd  materiel ,  a  formal  request  for  proposals  was  Issued 
by  the  Aeronautical  System*  division  to  a  number  of  organisations  known  to 
have  the  dew I  red  capabilities.  The  specific  requirements  In  the  directive 
were  as  follows: 

a.  The  materiel  mutt  be  based  on  polyurethane  chemistry. 

b.  It  must  foam  re  1 1  ably  in  e  vacuum  environment  -  with  the  materiel 
directly  omposed  to  the  veeuxn,  of  approximately  160,000  feet. 

c.  The  foamed  materiel  should  be  approximately  a  2  Ib/cu  ft  density. 

d.  If  p re-mixed  materiel  was  developed  It  should  how  a  minimum 
shelf  life  of  2  months  at  room  temperature,  l.e. ,  it  could  not  be 
cryogenicel iy  inhibited. 

e.  It  should  also  form  at  normal  ambient  pressures. 

f.  A  minimum  of  mechanic at  equipment  should  be  used  during  the  foam¬ 
ing  process  and  no  special  equipment  was  to  be  developed. 

g.  Material  capability  would  have  to  be  demonstrated  by  fabrication 
of  two  type*  of  foamed  structures,  made  In  a  simulated  space  envir¬ 
onment.:  One  was  to  be  an  expendable  structure,  such  as  a  7  ft 
diameter  balloon.  Inflated  and  rlgldized  with  rails  I  to  2  inches 
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thick  under  conditions  simulating  an  unmanned  spacecraft  The 
other  structure,  used  to  demonstrate  large  mass  capability,  was 
to  be  a  full  sized  chair,  made  under  the  same  conditions  but  not 
necessarily  in  the  same  manner.. 

Hughes1  Aircraft  Approach 

After  the  rece  pt  of  the  contract  the  Hughes  Aircraft  Company, 
on  analysis  of  the  problem,:  came  up  with  several  approaches,  differing 
widely  bacause  of  the  vast  disparity  between  the  two  structures.; 

a.  In  order  to  foam  rigidize  the  balloon  a  one  part,  pre-mlxed  and 
pre-di stributed  material  was  believed  best,  since  this  would  require 
no  special  vacuum  operated  equipment  to  be  developed. 

b.  On  the  other  hand,  the  chair,  because  of  its  size  and  shape, 

(an  approximately  2  x  2  x  2  ft  block  with  a  back  end  arm  rests)  was 
well  adapted  for  fabrication  by  metering  and  mixing  e  two  component 
material  Into  a  mold.  Such  a  procedure,  however,  would  probably 
have  required  special  equipment  in  order  to  operate  in  a  vacuum. 

On  consideration  of  all  the  factors  involved  in  production  of 
each  type  of  material  it  was  decided  that  if  the  one  part  material  were  pro¬ 
duced  it  would  be  a  very  simple  approach,  and  one  which  could  be  used  for 
both  applications,  as  well  as  being  potentially  a  very  useful  materiel.  It 
was  therefore  decided  to  concentrate  solely  on  production  of  the  one  part,  pre¬ 
mixed  foamant,  It  was  alio  decided  that  heat  would  be  utilized  as  the 
activator.  Further,  no  mechan;ca>  equipment  was  to  be  used  in  the  vacuum. 

The  ba-.ic  poiyurethane  reactions;  i  e  di  i socyanates  reacting  with  a  diol 
and/or  a  trio),  and  also  reacting  with  water  to  produce  C02  gas,  would  be 
adhered  to. 

Foemant  Development 

In  the  development  of  the  desired  one  component  compound  the 
first  step  was  believed  to  be  a  method  of  deactivating  the  Isocyanate  com¬ 
ponent.  This  was  necessary  since  In  common  Isocyanate-polyol  mixtures  the 
reaction  takes  place  within  S  to  30  seconds,  when  catalyzed,  and  not  much 
slower  when  uncatalyzed.  This  reactivity,  of  course  stems  from  the  Isocyanate, 
so  efforts  were  concentrated  on  this  component.:  Two  methods  were  tried.  Tha 
first  consisted  of  chemical  blocking  of  the  isocyanate  with  a  material  which 
would  cleave  off  when  heated,  thus  regenerating  the  original  isocyanate.  An 
example  of  such  a  compound,  commercially  known  as  Hylane  MP,  is  Shown  below; 

“OHO  *  0°"=== 0°-‘-s0‘05-‘-“0 

300°f 

A  number  of  similar  compounds  were  prepared  at  Hughes  using  both  toluene 
di Isocyanate  (TO I )  and  diphenyl  methane  di Isocyanate  (MCI)  as  the  isocyanates 
and  blocking  agents  such  as  acetyl  acetone,  diethyl  auilonete,  phthal amide 
and  others.  A  number  of  blocked  compounds  were  successfully  prepared. 


However,  in  u>c  it  was  found  trat  the  cleavage  temperature  in  each  case 
was  too  high  (approximately  325  to  400°F) ,  and  when  reacted  in  vacuum,,  the 
release  of  the  blocking  agent  resulted  in  too  voluminous  a  gas  evolution.- 
Also,  complete  stability  was  not  obtained  when  the  blocked  Isocyanate  was 
mixed  with  the  polyol  and  stored  at  room  temperature. 

The  second  methc-l  of  deactivation  tried  was  an  attempt  to  encap¬ 
sulate  the  isocyanate  in  a  heat  rupturing  encapsulant.-  By  this  technique 
it  was  hoped  that  the  encapsulated  isocyanate  could  be  mixed  directly  with 
the  polyols  with  no  reaction  until  heat  was  applied.  Contacts  were  made 
with  ail  the  encapsulate  in  the  United  States  and  it  was  found  that  no 
one  was  prepared  to  encapsulate  liquid  isocyanates  without  a  long  research 
program.  The  National  Cash  Register  Company,  however,  did  agree  to  furnish 
solid  HD!  encapsulated  in  either  of  two  thermoplastic  materials  melting  at 
122°  and  I40°r  ‘r  tests  it  was  fours  that  only  the  '40°  material  would 
resist  damage  during  the  nixing  with  the  polvol.  However,  in  attempting  to 
make  a  foam  using  the  encapsulated  MD ■ and  conventional  polyols  it  was  found 
impossible  to  get  foams  much  lower  than  10  to  15  lb.  density  and  In  addition 
the  foams  were  of  fairly  low  strength  and  poor  quality.  It  was  assumed  this 
was  due  partly  to  tne  plasticizing  effect  of  the  encapsulant,  which  was 
present  to  the  extent  of  20%  oy  weight  of  the  HD',  and  partly  to  the  solid 
isocyanate  which  was  used,  the  reaction  was  exothermic,  however,  and  it  is 
surmised  that  satisfactory  results  might  have  been  achieved  with  other 
formulations  and  more  extensive  work  Therefore,  because  of  the  difficulties 
encountered  in  attempting  to  deactivate  the  isocyanates,  this  line  of  attack 
was  discontinued,  in  favor  of  another  techn  cue.  described  below.. 


Concurrently  with  the  wo'i>  being  core  on  the  isocyanates  a  number 
of  tests  were  also  made  on  techniques  for  furnishing  water  to  the  system, 
since  this  was  also  considered  to  be  a  major  problem  in  development  of  a 
one  part  mixture.:  This  investigation  of  water  sources  was  also  carried  out 
along  two  lines.;  The  first  consisted  of  investigating  a  number  of  hydrates, 
such  as  HjBOj.;  Mg0.H20,  BaCI  2H2O,  etc.,  which  would  release  water  of 
crystal  I  Izatlon  when  heated.  The  second  technique  utilized  Unde  molecular 
sieves,  which  would  also  -e'ease  the  -  water  whan  heated,  or  in  a  vacuum. 

The  results  of  the  first  tests  inp  cated  *bat  boric  ac:d  could  be  mixed  with 
a  liquid  isocyanate  p'-epo;yme'  for  at  least  a  month  and  a  half  with  no 
apparent  action,  when  ne:d  at  *oom  temperai u *e.-  When  heated  the  isocyanate- 
water  reaction  took  place  very  >ead>'y  a'-  temperatures  of  200  to  300OF.  The 
results  secu-ed  with  the  molecular  sieves  were  not  so  definite,  however.  The 
hydrated  sieves  appearsd  to  etore  sati=.factori  lv  at  room  temperature  when 
mixed  wi th  the  isocyanate  p'epolymers.  However,  when  the  mixtures  were 
heated  in  a  vacuum  conside-eble  buobl.ng  occu'-ed,  which  apparently  was  due 
to  the  volatiles  ,r,  the  ’Socvanate  prepolyme-s,  rather  than  the  formation  of 
C02-  Repeating  the  tests  w  th  aevo' ati i >zed  prepolymer  showed  no  evidence 
of  reaction,  although  bubbling  occur-ed,  which  was  assumed  to  be  simply 
water  vapor  re|ease  and  not  CO2.  since  there  was  no  evidence  of  urea  and  amide 
formations  which  should  haw  occu  red  simultaneously  with  the  CO,  liberation.. 
The  results  with  the  moiecuiar  sieves  were  therefore  considered  inconclusive. 


*  Satisfactory  sto-age  was  only  found  with  s*'eves  containing  'ess  than 
7%  moi sture.. 
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In  addition  to  tha  work  done  on  the  isocyanates  end  water  sources, 
limited  investigations  (at  that  time)  were  being  made  on  polyols  (diols  and 
triols),  as  well  as  catalysts  and  surfactants.  In  general,  during  this 
phase  only  cannon,  coesmercisl  !y  available  materials  ware  tested.  These 
included  liquid  diols  of  equivalent  weights  of  100  to  200,  to  insure  rigidity, 
and  similar  sijort  chain  length  triols  to  act  as  cross  linkers.  Similarly 
samples  of  various  commercial  catalysts  and  surfactants  were  also  obtained 
to  be  t«sted  in  the  formulations  to  be  made  up. 


Because  of  the  poor  success  achieved  in  attempting  to  satisfac¬ 
torily  deactivate  the  liquid  isocyanates  by  chemical  blocking  or  to  utilize 
encapsulated  solid  isocyanates  and  liquid  polyols,  it  was  then  decided  to  go 
to  an  all  solids  mixture.  Such  a  system,  it  was  reasoned,  should  have  good 
storage  stability,  and  if  it  would  melt  at  a  low  enough  temperature,  should 
be  capable  of  being  foamed,.  The  problem  then  resolved  itself  to  finding 
solid  isocyanates,  polyols,  cataiysts  and  surfactants  of  the  correct  melting 
point,  functionality  and  vaoor  pressure  to  result  in  a  material  which  would 
do  the  following- 


a. 

b 


Be  stable  when  mixed  together  and 
Heir  ,n  a  temperature  helow  ?on°p 
After  melting  the  material  should 
Polymerize  and  became  rigid  while 


stored  in  a  normal  atmosphere, 
(arbitrarily  selected) 
fuom  up  and  tnen 
In  the  foamed  condition. 


The  first  such  solid  mixture  preoared  had  the  formula  shown  below: 


Material 

Function 

Diphenyl  mathana 
di isocyanate  (HOI) 

Isocyenate 

component 

Blsphenoi  A 

Dlol 

P.rogel lol 

Cross!  inker 

Boric  Acid 

Veter  source 

Si i icone  01 1 

Surfactant 

8  hydroxy 
quinoline 

Catalyst 

HP  °F 

Equlv. 

Valqht 

Eoulvalants  Usad 

99 

»25 

0.5 

307 

114 

0.41 

271 

42 

0.1 

5*  by  wt. 

!%  by  wt. 

5*  by  wt. 

The  above  formulation  resulted  In  a  material  which  met  almost  all 
the  requirements.  The  foam  producjd,  when  made  in  air,  was  a  fair  foam, 
although  somewhat  friable.  When  heated  in  vacuum,  howaver,  the  vapor 
pressure  of  the  ingredients  (main1?  the  isocyanate)  was  so  high  that  as  soon 


as  complete  meiting  occurred  che  material  literally  blew  itself  apart  to 
result  in  simply  a  large  mass  of  froth.  The  importance  of  this  formulation, 
however,  was  that  it  did  demonstrate  that  the  solids  approach  was  basically 
?  sound  one  and  that,  with  improvements,  a  satisfactory  material  might  be 
eve  I  oped  along  those  lines. 

Several  hundred  formulations  later  such  a  material  was  finally 
developed.  The  new  compound,  which  used  the  same  type  general  materials  as 
in  the  first  solics  formula,-  incorporated  a  higher  melting, 
higher  vapor  pressure,  sterically  hindered  isocyanate,  dianisidine  di iso¬ 
cyanate  (DADI),  as  well  as  a  different  diol  and  triol,  both  melting  below 
200tc.  The  structural  formulas  of  the  resin  components  are  shown  below:' 


di i ani si di ne 
di i socyanate 
(D/'OI ) 


p.p'bis  (p  hydroxy- 
ethoxy)  2,c  diphenyl 
propane  (diol) 


Trimethylol  propane  (Triol) 


r.H3 

H  H  / — I  3 , — v  H  H 

HO-C-C-O-  (  )-C-(  )-0-C-C-0H 

H  H  \ — /  |  \ — /  H  H 

CH, 

CH20H 
H  H  | 

HC-C-C-CH-jOH 
H  H  I 

ch2oh 


In  addition,  a  commercial  sl’icone  surfactant.  Dow-Corning  H\ 1 3,  was  used 
and  a  conrae/cial  catalyst,  Ketai  and  Thermit  company  1  1-8".-  The  polyols  used 
were  selected  after  a  great  number  of  tests  on  both  commercially  available 
solid  polyols  and  synthesis  of  a  number  of  polyols  at  Hughes,  tne  great 
majority  of  which  turned  out  to  be  too  high  in  melting  point,  or  were  not 
solids,  or  were  too  long  in  chain  length,  etc. 

The  new  compound  was  a  material  which  melted  completely  at  175-l80°F. 
It  appealed  to  have  an  indefinite  shelf  life  wh3n  stored  at  room  temperature, 
although  its  reactivity  apparently  is  reduced  with  time  .  it  is  not  sensitive 
to  normal  atmospheric  moisture,  so  needs  no  special  storage  condiriOns.  It 
foamed  in  a  vacuum,  without  the  use  of  a  separate  blowing  agent  (use  of 
vacuum  and  the  vapor  pressure  of  the  ingredients  turned  out  to  be  the  Hay). 

The  resulting  foam  was  2  to  )  lb.  per  cu.  ft.  in  ceosity,  depending  oc,  pro¬ 
cessing  condltons.  The  compressive  strength  of  the  material  varies  from  15 
to  50  psi,  depending  on  density,  and  on  being  compressed  »‘vo  material  did  not 
shatter.-  In  addition,  the  foamed  material  showed  surprisingly  good  strength 
at  300  to  350°F.  By  addition  of  boric  acid  to  the  basic  mixture  a  fair  foam 
was  obtained  at  no-nal  pressures,  fig.  I  shows  the  type  of  foam  made  et  a 
pressure  corresponding  to  160,000  ft..  (I  \  csr.  Hg  approximately) . 
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Even  with  the  production  of  a  satisfactory  foaming  powder  it  was 
found  that  the  development  problems  were  far  from  over..  The  diol  and  triol, 
though  solids,  were  not  hard,  crystalline  materials,  but  were  somewhat  soft 
and  gummy.  Therefore,  while  small  amounts  of  the  powder  mlxturr  were  sastly 
made  by  hand  using  a  mortar  and  pestle,  attempts  to  make  large  amounts  by 
mechanical  mixing  and  grinding  always  ende  up  as  gummed  up  messes.  A 
number  of  techniques  were  tried  including  ball  mills,  a  drug  mill,  a  Hobart 
paddle  mixer  and  a  counter  current  muller..  A  satisfactory  process  was 
finally  developed  when  *t  was  found  that  by  working  the  materia!  to  cause 
the  "gumminess"  the  temperature  would  rise  and  when  checked  at  the  right 
point,  a  prepoiymer  would  foon  which  was  plastic  when  hot  and  brittle  when 
cold.  This  brittle  material  could  then  be  easily  ground  up  to  form  the 
desired  powder  Using  this  technique  several  hundred  pounds  of  powder  were 
prepared  for  use  in  fabrication  of  the  required  structures. 

Fabricati on  of  Demonstration  Units 


Prior  to  actually  starting  fabrication  of  the  balloon  and  chair 
it  was  necessary  to  develop  a  method  of  distributing  the  powdei  on  the 
balloon  surface.  It  was  also  necessary  to  determine  the  optimum  conditions 
of  time  and  temperature  for  forming  large  amounts  of  foam,  since  only  small 
laboratory  quantities  had  been  made  before.  The  technique  finally  adopted 
for  the  balloon  fabrication  utilized  the  fact  that  the  powder  could  be 
pelletized,  using  a  plastic  preform  press..  A  number  of  pellets,  2  3/8  in. 
diameter  by  3/32  in.  thick  were  adhered  to  the  surface  of  a  two  foot  diameter 
balloon  using  Goodyear  Pliochd  cement..  Over  the  pellets  was  heat  sealed 
(using  the  pellets  as  the  sealing  media)  a  thin  Dacron  marquisette  cloth, 
the  purpose  of  which  was  to  prevept  running  of  the  material  during  the  period 
between  I iqui fi cat  ion  and  final  polymerization.  Tests  on  a  small  (2  ft) 
balloon  indicated  a  satisfactory  structure  could  be  obtained.  See  Fig.-  2 

in  runninq  a  number  of  tssts  with  various  amounts  of  foam  Ip  a 
vacuum  chamber  it  was  found  that  the  maximum  height  of  foam  which  could  be 
obtained  was  approximately  4  inches.  This  limitation  was  established  by 
the  fact  that,  since  the  material  was  endothermic,  as  the  reaction  progressed, 
the  developing  foam  retarded  the  rate  of  heat  input,  so  the  inner  layers  of 
powder  would  not  receive  heat  as  rapidly  Sj  the  outer  layers,  and  therefore 
would  not  foam.  Another  factor  limiting  the  size  of  the  foam  was  the  fact 
that  after  a  few  minutes  of  heating,  If  the  fcwder  was  too  thick,  the  outer 
layers  would  cure  or  "set"  before  the  inner  iayers  llqulf'ed.  This  cured 
material  then  tended  to  prevent  any  further  expansion  from  the  rest  of  the 
mass.  It  was  thus  found  that  approximately  1/4  inch  of  powder  was  the  limit 
of  material  which  could  be  foamed. 

With  this  processing  information  then  It  was  decided  that  the 
large  balloon  could  be  fabricated  using  the  adhered-on  pellet  and  restrainer 
cloth  technique.  The  chair,  it  was  also  decided  could  also  be  made,  but  in 
this  case  using  multiple  "blows",  to  result  in  the  final  2  x  2  x  2  ft.  block. 


Figure  Z.  Station  «>t  Z  ft .  test  balloon. 
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Figure  _J_  shows  the  fabrication  techniques  en^loyad  in  coating 
the  large  7  ft  diameter  demonstration  balloon.  When  the  balloon  was  completed, 
while  It  was  not  extremely  flexible,  it  was  possible  to  pack  It  In  a  rela¬ 
tively  smail  container  for  shipment.  At  Wrlght-Patterson  Air  Force  Base  the 
balloon  was  inflated  In  the  vacuum  chamber,  at  a  pressure  corresponding  to 
approximately  150,000  ft  altitude.  By  suitable  pressure  regulation  the 
balloon  was  maintained  at  5  Inches  of  water  internal  pressure  during  the 
rigidizing  operation.  Hegidlzation  was  accomplished  by  heating  a  band 
approximately  one  foot  wide  from  pole  to  pole,  as  shown  In  Fig.  4  .  As  the 
area  foamed  and  rigldlzed,  in  approximately  15  minutes,  the  balloon  was 
rotated  to  expose  a  new  area.  Rigidization  was  complete  In  4  hours.  Fig.  5 
shows  the  completed  structure. 

Fabrication  of  the  chair  was  conducted  ir,  a  somewhat  different 
manner.  The  completely  vented  mold  employed  Is  shown  In  Fig.  6  .  Fig.  7 

shows  the  set-up  employed  for  the  first  "bio*1,  with  powder  and  pellets  In 
place.  The  chair  mold  is  shown  laying  on  its  side  so  the  arms  may  be  formed 
easier.  The  heat  lamps  are  directly  above  the  mold.  The  use  of  pellets, 
large  and  small,  was  found  to  be  distinctly  superior  to  the  use  of  plain 
powder..  The  small  pellets  on  the  sides  would  foam  and  flow  into  the  depres¬ 
sions  left  by  the  main  mass  of  foam  as  it  rose  up  bubble  shaped..  (Because 
of  lack  of  back  pressure  the  material  did  not  follow  the  mold  contours  as  it 
foamed).  The  large  pellets  were  used  since  It  was  found  they  would  foam 
better  than  plain  powder  because  they  were  more  compact  and  they  helped  spread 
the  material  cere  avely  than  did  the  powder.. 

The  complete  chair  was  foamed  In  seven  stages,  since  only  approxi¬ 
mately  4  Inches  of  foam  could  be  formed  at  a  time.  Each  layer  of  reactunts 
was  therefore  put  in  place,  foamed,  cured  end  allowed  to  cool  slightly  prior 
to  addition  of  the  next  layer.  Each  foam  cycle  took  approximately  20  minutes 
to  complete.  However,  bringing  the  chamber  to  altitudes  cooling  the  foam 
prior  to  pressurization,  and  then  adding  the  new  material  mada  each  staga 
take  approximately  2  hours  to  complete.  Fig.  8  shows  the  completed  chair.. 


CONCLUSIONS: 

As  a  result  of  the  preliminary  Air  Force  efforts,  and  the  work 
reported  here,  It  may  be  concluded  that  there  ere  a  number  of  approaches 
which  might  be  used  to  produce  polyurethane  foams  in  a  vacuum  envl ronment. 
Thase  include  the  solid  reecter.'.s,  encapsulated  components,  absorbed  catalyst- 
water  systems  end  possibly  "blocked"  isocyanates..  Some  of  these  will  require 
longer  research  and  development,  programs  than  others  to  be  fully  useable. 

The  one  part,  solid  reactant  heat  triggered  material  so  far 
developed,  however.  Is  considered  to  possess  many  character! sties  which  make 
It  Ideal  for  space  usage;  other  then  the  obvious  advantage  of  elimination  of 
the  metering  and  mixing  processes.  The  material  can  be  triggered  by  the 
readily  available  solar  heat.  The  vacuum  environment  is  used  to  assist  in 
the  blowing  process.  The  powder  may  be  very  simply  packaged,  with  no  need 
for  vapor  tight  or  pressure  resistant  containers,  refrigeration,  etc.  Because 


471  - 


■  iMj 

AS  IHt*  OATS:  J6  JAN  62 

NE'J.  !4B.  62^0t 


of  the  low  vapor  pressure  of  the  ingredients  it  is  believed  that  the  material 
has  much  lower  toxic! 1/  than  conventional  polyurethane  foamants. 

There  are  also,  however,  a  number  of  improvements  which  could  be 
made  in  the  material.  One  of  the  most  desirable  would  be  a  technique  to 
cause  the  material  to  exotherm,  after  initial  triggering.  In  a  solid 
formulation,  suggested  by  the  Air  Force,  such  a  materia]  has  been  made. 
Primarily,  the  increased  rate  of  reaction  is  brought  about  by  the  use  of 
a  more  reactive  Isocyanate,  diphenylmethane  dl isocyanate.  Triggering  is 
brought  about  by  a  short  period  of  infra-red  heating,  or  by  use  of  electrical 
heating  coils  inbedded  in  the  materia).  Currently,  this  foamant  has  a 
rather  limited  shelf  life,  but  it  does  indicate  that  such  an  exothermic 
materia)  is  possible. 

Another  desirable  improvement  is  a  technique  for  spreading  the 
solid  reactant  foamant  evenly  over  the  carrier  surface,  instead  of  the  pel¬ 
let  attachments.  In  work  which  is  currently  in  progress,  this  has  been 
accomplished  on  a  small  scale,  and  Indications  are  that  it  can  be  success¬ 
fully  adapted  to  large  objects  or  surfaces. 
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LIST  OF  IUUSTRATIONS 


cig.  I  Typical  Foam  Cross-section 

Fig.  2  Section  of  2  Ft.  Test  Balloon 

Fig.  3  Technique  for  Applying  Foam  Pellets  to  Balloon  Surface 

Fig.  k  Method  used  to  Activate  foam  on  Balloon  at  160,000  Ft., 

Fig.  5  Completed  Balloon  Structure 

Fig.  6  Chal r  Hold 

Fig.  7  Method  used  to  Mold  Chair 

Fig..  8  Completed  Chair 
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ABSTRACT 


An  analysis  Is  presented,  of  tests  to  determine  the  mechanical  proper¬ 
ties  of  several  composite  materials  which  are  used  or  have  potential  use  to 
aerospace  structures .  The  composites  are  approxisately  0,001  Into  thick, 
ami  are  laminates  of  aluralnun  foil  and  Mylar  rile;,  aluainuB  foil  and  poly- 
propylene  film,  and  vapo r- depo si t ed  altmLmim  on  Mylar  fils.  The  analysis 
is  made  on  toe  basis  of  tensile  stress-strain,  stress-relaxation,  and 
flexural-stiffness  tests.  The  stress- strain  and  stress-relaxation  tests 
illustrate  toe  mechanical  behavior  of  toe  composites  as  influenced  by  their 
composition.  A  ccngarl^on  is  made  of  toe  flexural  rigidity  of  toe  compos¬ 
ites  as  measured  by  the  heavy  elastlea  method. 
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INTRODUCTION 


Some  of  the  mechanical  and  structural  applications  of  materials,  on 
Earth  as  well  as  in  space,  are  such  that  no  single  material  will  adequately 
meet  the  requirements.  Ac  a  result,  composite  materials  are  often  necessary 
and  sometimes  offer  advantages  which  are  not  found  in  single  materials.  A 
composite  material  is  a  combination  of  materials  which  seeKs  to  utilize  cer¬ 
tain  outstanding  properties  of  each.  It  has  been  said  (ref.  1)  that  "the 
strongest  and  most  efficient  materials  created  by  nature  .  .  .  and  by 
man  .  .  .  have  always  been  composite  materials."  It  is  obvious  that  both 
strength  and  efficiency  are  highly  desirable  in  aerospace  structures.  There- 
iorc,  composite  materials  can  be  used  to  advantage  In  such  structures. 

Composite  structural  materials  can  be  classified  into  at  least  three 
groups.  One  group  is  the  bonded- layer  type  of  composite,  such  as  lami¬ 
nates.  A  second  group  is  the  matrix  type,  s„cfa  as  reinforced  plastics,  and 
the  third  group  is  the  atomic  structure  type  which  includes  the  organo- 
metallic  polymers.  This  paper  will  deal  with  the  mechanical  properties  of 
some  bonded- layer  composites,  in  particular,  some  aluminum-plastic  laminates 
and  an  aluminized  plastic  film.  The  composites  are  used  or  have  potential 
use  in  aerospace  structures,  such  as  passive  communications  satellites 
(ref.  2),  al r-density -measurement  satellites  (ref.  3),  and  solar  energy  con¬ 
centrators  (ref.  4).  The  mechanical  properties  were  determined  by  means  of 
tensile  tests  and  stresc-re  la 'cation  tests,  and  the  flexural  rigidity  Of  the 
composites  is  measured  by  the  heavy  elastics  method. 


DESCRIPTION  OF  MATERIALS 


The  materials  are  described  in  table  1  which  lists  both  the  nominal 
thickness  and  the  thickness  as  measured  by  an  electrically  driven  micrometer. 
The  measured  thickness  was  used  to  calculate  the  cross-section  area  of  the 
test  specimens.  Figure  X  shows  the  crass  sections  of  the  composites  drawn 
to  approximately  the  same  scale.  It  is  possible,  then,  to  obtain  some  idea 
of  the  relative  thicknesses  of  the  materials  and  their  components.  The  nom¬ 
inal  thicknesses  ore  indicated  in  figure  1. 


*Aerospaee  Technologist. 
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TABLE  1..  DESCRIPTION  OF  COMPOSITE  MATERIALS 


i 


Material 

Nominal 

thickness, 

in. 

Measured 

thickness, 

in. 

Weight, 

ID /in. 5 

Composition 

Echo  I 

0.0005 

0.00042 

2.45  x  10"5 

0.5-idl  Mylar  film  with  2,200  A 
vapor-deposited  aluminum  on 
one  side  similar  to  Echo  I 
balloon  skin. 

A/M  Laminate 

C. 00055 

0.00055 

5.71  X  10-5 

Two-ply  laminate  of  0.2-mil 
aluminum  foil  and  0. 55-mil 
Mylar  film  cemented  with 
polyester  adhesive. 

Echo  (A-12) 

0.00071 

0.0008 

■ 

Three-ply  laminate,  0. 55-mil 
Mylar  film  between  0. 2-mil 
aluminum  foil,  cemented  with 
polyester  adhesive. 

A/M/A 

laminate 

0.00270 

0.00285 

Three-ply  laminate,  2-mil  Mylar 
film  between  0. 35-mil  alumi¬ 
num  foil,  cemented  with  poly¬ 
ester  adhesive. 

Explorer  IX 

0.002 

0.00225 

16.4  x  10-5 

Four-ply  laminate  of  0.5-mil 
Mylar  film  and  0.5-mll  alumi¬ 
num  foil  cemented  with  poly¬ 
ester  adhesive. 

X-XB 

0.0010 

0.0011 

5.82  x  i<r5 

Three-ply  laminate,  0.6-mil 
polypropylene  film  between 

0. 2-mil  aluminum  foil, 
cemented  with  polyester  adhe¬ 
sive,  58  percent  of  aluminum 
removed  In  hexagonal  pattern 
by  chemical  milling. 
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Figure  1.-  Cross  section  of  composite  materials. 


The  Echo  I  material  is  the  type  which  was  used  to  fabricate  the  Echo  1 
passive  communications  satellite.  The  vapor-deposited  aluminum  serves  as  a 
reflecting  surface  for  radio  and  radar  waves  and  reduces  the  degradation  by 
ultraviolet  radiation  of  the  Mylar  film  in  the  space  environment  (ref.  5). 
The  Echo  (A-12)  laminate  is  the  type  used  to  fabricate  a  155-foot- diameter 
sphere.  Although  it  can  also  be  used  for  communications  experiments,  the 
Echo  (A-12)  balloon  was  originally  designed  to  demonstrate  the  feasibility 
of  mechanically  rigi dicing  a  large  structure  in  space  (ref.  2).  The 
Explorer  IX  laminate  was  used  to  fabricate  a  12-foot-diaaeter  air-density- 
measurement  satellite  (ref.  3).  The  Explorer  IX  satellite  has  been  in  orbit 
since  February  1961  and  has  provided  valuable  data  on  the  density  of  the 
upper  atmosphere.  Although  the  aluminum- Mylar  (A/M)  laminate  and  the 
aluainu»-Mflar-aluminum  (A/M/A)  laminate  have  not  been  used  in  space  struc¬ 
tures  it  will  be  shovn  later  that  each  laminate  has  certain  properties  which 
could  be  highly  useful. 

The  X-32B  laminate  was  designed  to  allow  a  large  part  of  the  incident 
solar  radiation  to  pass  through  but  at  the  same  time  to  reflect  radar  waves 
(ref.  6).  Although  the  solar  pressure  is  quite  small  (l.J  x  10-9  psi, 
ref.  7)>  it  can  have  a  considerable  effect  on  large,  lightweight,  balloon- 
lihe  structures.  For  example,  solar  pressure  has  helped  to  alter  the  orbit 
of  Echo  I  since  the  satellite  was  launched  in  August  i960  (ref.  8).  How¬ 
ever,  the  exposed  polypropylene  in  the  X-32B  laminate  will  transmit  the 
solar  radiation  and  the  effect  of  solar  pressure  on  a  satellite  would  be 
reduced.  The  etched  areas  in  the  aluminum  foil  are  sufficiently  small  so 
that  the  laminate  behaves  as  a  solid  reflector  to  radar  with  a  wavelength 
Of  at  least  3- S3  cm. 


DESCHIFTIOH  OF  TESTS 


Three  types  of  tests  were  used  to  determine  the  mechanical  behavior  of 
the  composite  materials  -  tne  stress-strain  test  at  constant  strain  rate, 
the  stress-relaxation  test,  and  the  flexural  stiffness  test. 

The  stress-strain  tests  were  performed  on  an  I natron  Model  TF-C  testing 
machine  on  which  the  cross-head  moves  at  a  constant  rate  so  that  the  strain 
rate  was  constant.  The  strain  was  determined  by  dividing  the  change  in  the 
specimen  length  by  the  original  distance  between  the  testing  machine  grips, 
which  was  5  inches.  The  valves  of  elongation  refer  to  the  strain  of  the 
test  specimen  when  the  specimen  failed.  The  load  was  measured  by  a  5O- pound 
capacity  load  cell,  end  the  area  of  the  test  specimen  was  taken  as  the  prod¬ 
uct  of  the  width  p.ca  the  total  measured  thickness  of  the  specimen  without 
regard  to  the  relative  areas  of  metal  foil  and  plastic  film. 

The  stress- relaxation  teste  also  were  performed  on  an  Instron  testing 
machine.  The  test  specimen  was  elongated  at  a  strain  rate  of  0.0b  inch  per 
inch  per  minute  no  some  predetermined  stress.  Tne  testing  machine  cross¬ 
head  was  stopped  and  observations  were  cade  of  the  continuous  relaxation  of 
the  stress  at  the  fized  strain  for  a  period  of  1,000  minutes  (l6  home  and 
AO  minutes). 


Hie  flexural  rigidity  of  the  composites  was  measured  by  the  heavy 
claotlca  method.  Hie  rigidity  of  the  composites  is  especially  important 
when  they  are  used  in  large,  balloon- J ike  structures  which  have  no  load- 
carrying  framework  to  support  the  envelope  or  skin.  Satellites  in  orbit 
about  the  Barth  are  subject  to  small  hut  continuous  deforming  loads,  such 
as  solar  pressure  or  atmospheric  drag  (ref.  7)-  These  deforming  loads  can 
contribute  to  the  bending  or  buckling  of  large  areas  of  unsupported  skin. 

Hie  Echo  I,  for  example,  has  undergone  considerable  deformation  (ref.  9)* 

Hie  diameter  may  have  decreased  (from  the  original  100  feet)  and  what  appear 
to  be  large  flat  areas  have  developed  in  the  skin. 

Hie  derivation  of  the  equations  for  use  In  the  flexural  stiffness  Lest 
may  be  found  in  references  10  and  11.  A  test  procedure  for  measuring  the 
stiffness  of  fabrics  is  given  in  reference  12.  In  order  to  measure  the 
rigidity  of  the  composites  it  was  necessary  to  use  a  modified  test  procedure 
which  is  presented  in  reference  13.  Hie  present  tests  were  performed  by 
projecting  a  strip  of  material  from  a  horizontal  surface  (fig.  2(a)).  Meas¬ 
urements  were  made  of  the  length  of  the  overhang  l  and  the  deflection  0 
of  the  free  end  below  the  horizontal.  By  entering  the  curve  in  figure  2(b) 
with  the  measured  value  of  6,  the  ratio  c/l  can  be  determined,  where  c 
is  referred  to  as  bending  length.  Hie  flexural  rigidity,  then,  is  simply 
the  product  of  c-5  and  the  weight  of  the  strip  per  unit  length. 


RESULTS  ADD  DISCUSSION 


Hie  tensile  properties  and  flexural  rigidity  of  the  composites  are 
listed  in  tables  2  and  3  and  illustrated  in  figures  3  to  6.  Thrse  data  were 
obtained  from  references  13  and  14  for  1 /?- inch -wide  strips  of  material  and 
have  been  normalized  to  unit  width. 


Tensile  Properties 

The  tensile  properties  of  the  composites  are  listed  in  table  2  which 
includes  the  values  of  the  tensile  strength.  Young's  modulus,  and  elonga¬ 
tion  at  break.  Hie  Echo  I  material  has  the  highest  tensile  strength 
(27,000  psi)  and  the  A/M  laminate  has  the  lowest  (u,60O  psi).  Hlis  low 
value  is  the  result  of  the  comparatively  early  failure  of  the  aluminum  foil 
when  the  laminate  is  being  elongated.  When  the  aluminum  foil  breaks,  the 
laminate  is  considered  to  have  failed  even  though  the  plastic  film  may  be 
intact.  In  the  case  of  homogeneous  (that  is  noncomposite)  materials  the 
tensile  strength  is  a  valid  indication  of  the  load  that  the  material  can 
carry.  In  comparing  composite  materials,  however,  the  tensile  strength  may 
not  be  indicative  of  the  load- carrying  ability,  especially  when  the  total 
thickness  is  used  to  compute  the  cross-section  area.  Therefore,  table  2 
includes  the  values  of  the  load  which  is  required  to  break  a  1 -inch -wide 
strip  of  material.  Hie  A/M/A  laminate  has  the  highest  breaking  load 
(61.9  pounds)  and  the  A/M  laminate  has  the  lowest  (6.4  pounds)  of  the  com¬ 
posites  which  were  tested.  Hie  ranking  of  the  six  composites  according  to 
tensile  strength  and  according  to  breaking  load  results  in  a  different 
sequence,  with  only  the  A/M  laminate  and  the  X-32B  laminate  retaining  their 
same  position  in  each  sequence. 
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TABLE  2—  TENSILE  PROPERTIES  OP  1-MCH-WDE  SHOPS 


OP  COMPOSITE  MATERIALS 


Material 

Tensile 

strength) 

psi 

Breaking 

load, 

31 

loung's 

modulus, 

pSi 

Brtensionsl 

stiffness, 

Ib/in. 

Elongation 

Echo  I 

27,000 

11,5 

X 

$ 

6 

2.77  x  102 

158 

A/M  Laminate 

11,600 

6.4 

0.53  x  10^ 

2.92  x  ID2 

11 

Echo  (A-12) 

15,700 

11.0 

2.73  x  20^ 

21.84  x  IQ2 

12 

A/M/ A  Laminate 

21,700 

61.9 

2.08  x  ic£ 

59.28  x  lu2 

149 

Erpljrer  IX 

15,000 

29*3 

3.68  X  ic£ 

82.80  X  202 

26 

X-32B 

14.7 

— 

2.85  x  IQ2 

43 
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TABLE  3.-  FLEXURAL  RIGIDITY  OF  l-IKCH-VOTS  STRIPS  OF  OGMPOSITE  MATERIALS 
AS  MEASURED  BY  THE  HEAVY  EIASTICA  MESSC© 


Material 

Flexural 
rigidity  {£[), 
lb- in. 2 

Rigidity 
relative 
to  Echo  I 

Weight 

efficiency, 

la.1* 

Remarks 

Echo  I 

5.06  X  10"6 

1 

2.1  X  10-1 

6.8  x  10** 

Aluminized  side  In 
tension 

A  M  Laminate 

1.8  X  1G*1 

4.02  x  101* 

lrr¥S?tss»v*feil 

r-rTTr,  > 

Echo  (A- 12} 

5.84  x  IQ-1* 

115 

1.03  x  10 

1.14  x  isfi 

A/M.  A  Iml  mite 

5.02  X  10’3 

992 

2.84  x  10 

1.T6  x  10? 

Erlorer  IX 

4.56  x  10-3 

901 

2.8  x  10 

4.0  x  lo3 

Aluminum  side  in 
tension 

X-32B 

2.42  X  10-1* 

48 

E9H 

1.62  x  105 

Table  £  Includes  the  values  of  Young's  modulus  which  were  determined 
or,  the  basis  of  total  cross-section  area.  The  Young's  modulus  of  the 
Explorer  IX  laminate  (3*68  x  10&  pci)  is  approximately  seven  times  that  of 
the  Echo  I  material  {0.66  x  UP  psi).  Or  more  practical  interest,  however, 
is  the  extensions!  stiffness.  The  extensions!  stiffness  can  be  thought  of 
either  as  the  product  of  Young's  modulus  and  the  material  thickness,  or  as 
the  force  required  to  extend  a  unit  width  strip  of  material  to  twice  its 
original  length  (i.e.,  100-percent  strain).  The  extensional  stiffness  of 
the  composites  is  included  in  table  2.  The  Echo  I  material,  the  A/M  lam¬ 
inate,  and  the  X-328  laminate  all  have  an  extensional  stiffness  of  nearly 
3  pounds  per  inch.  The  Explorer  IX  laminate  has  the  highest  value 
(82.8  pounds  per  inch)  of  extensional  stiffness  of  the  composites. 

Although  the  extensional  stiffness  is  given  in  pounds  per  inch,  it  does 
not  follow  that  extending  the  material  to  100- percent  strain  will  result  in 
the  force  shown  in  the  extensional  stiffness  column.  The  reason,  of  course, 
is  that  the  composite  may  yield  or  even  break  at  such  smaller  values  of 
strain.  However,  the  °*tCu5jwfiaj  stiffness  provides  a  reliable  means  of 
evaluating  the  force  required  to  strain  composites  of  widely  different  com¬ 
position. 

The  elongation  at  break  requires  no  change  for  composite  materials 
because  the  cross-section  area  does  not  enter  into  the  calculation  as  it 
does  for  the  tensile  strength  and  Young's  modulus.  Both  the  Echo  I  material 
and  the  a/m/a  laminate  have  high  elongations,  on  the  order  of  150  percent. 
For  a  test  specimen  with  an  original  length  between  the  grips  of  5  inches, 
the  length  at  break  was  about  12.5  indies.  The  high  elongation  reflects  the 
large  amount  of  Mylar  film  which  the  composites  contain.  The  elongation  of 
the  A/M,  the  Echo  (A-12),  and  the  Explorer  IX  laminates  are  the  strains  at 
which  the  aluminum  foil  fails.  In  general,  the  Mylar  film  remains  intact. 

It  is  concluded,  then,  that  the  a/m/a  laminate  can  withstand  the 
largest  tensile  load,  the  Explorer  IX  laminate  has  the  highest  extensional 
stiffness,  and  the  Echo  I  material  has  the  highest  elongation  of  the  mate¬ 
rials  which  were  tested.  Furthermore,  it  can  be  very  misleading  to  describe 
the  tensile  properties  of  composites  by  means  of  the  usual  tensile  strength 
and  Young's  modulus  values  based  on  total  cross-section  area.  It  is  more 
accurate,  especially  when  comparing  different  composite  materials,  to  pre¬ 
sent  the  tensile  properties  in  terms  of  breaking  load,  extensional  stiff  ness, 
and  elongation. 


Calculated  Stress-Strain  Values 

When  a  composite  material  is  stressed,  the  components  are  not,  in 
general,  under  the  same  stress.  It  is  instructive  to  determine  what  stresses 
the  components  experience  so  that,  if  the  properties  of  the  components  are 
known,  a  comno.-ite  can  be  <:■  -n.  trusted  which  will  have  certain  predetermined 
properties.  Therefore,  the  stress  at  selected  strains  was  calculated  for  the 
Echo  (A- 12}  laminate  and  the  results  are  shown  in  figure  3. 

The  experimentally  determined  stress-strein  curves  are  shown  in  fig¬ 
ure  3  for  the  aluminum  foil  and  %iar  film  which  is  used  in  the  Echo  (A-12) 
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Figure  Experimental  and  calculated  ctrocu- strain  valuer  of  Echo  (,1-11)  laminate. 


laminate.  The  curves  were  obtained  from  tests  of  1/2- inch-wide  strips  of 
material  which  were  loaded  at  a  strain  rate  of  O.Oit  inch  per  inch  per  minute. 
In  calculating  the  stress  on  the  composite  it  is  assumed  that  the  composite 
load  is  the  sum  of  the  loads  on  the  components  (ref.  15).  In  addition,  it 
is  assumed  that  the  aluminum  and  the  Mylar  film  undergo  equal  strain  in  the 
laminate  so  there  is  no  slippage  between  the  layers.  For  a  given  value  of 
strain  the  load  ou  each  component  is  determined  from  the  stress-strain  curve. 
The  component  loads  are  added  and  their  sum  is  divided  by  the  area  or  the 
laminate,  thereby  providing  the  calculated  laminate  stress  ior  the  given 
strain. 

The  calculated  stress-strain  values  are  compared  with  the  experimental 
stress-strain  curve  for  the  Echo  (a-12)  laminate  in  figure  3*  There  is 
fairly  good  agreement  f  *•  strains  up  to  about  0.5  percent  which  is  beyond  the 
yield  stress  of  the  laminate.  At  higher  strains  the  calculations  indicate  a 
lower  stress  than  those  that  were  actually  measured.  However,  the  difference 
is  rather  small  (about  600  to  700  psi)  and  fairly  constant,  suggesting  that 
the  Young's  modulus  for  the  ‘friar  film  might  be  higher  (0*79  X  10&  psi)  than 
the  value  of  0.69  x  106  psi  which  was  used  in  the  calculations.  It  is  con¬ 
clude,  then,  that  it  is  valid  to  combine  the  stress-strain  curves  of  the 
components  in  order  to  obtain  the  stress-strain  curve  of  the  laminate. 

A  comparison  of  the  experimental  curves  (fig.  3)  of  the  components  and 
the  Echo  (A-I2)  laminate  shows  that,  for  strains  up  to  about  1.5  percent, 
the  aluminum-foil  stress  is  higher  and  the  Mylar  film  stress  is  lower  than 
the  laminate  stress.  At  higher  strains,  cr  laminate  stress  above  approxi¬ 
mately  10,000  poi,  the  Mylar  is  more  highly  stressed  than  the  laminate. 
Furthermore,  a  laminate  stress  of  4,000  to  j,<Xa)  psi  is  required  to  yield 
the  aluminum  foil.  Once  the  aluminum  foil  has  passed  its  yield  stress  it 
will  take  a  permanent  set,  although  the  Mylar  film  will  still  be  elastic. 

When  the  laminate  is  released,  the  Mylar  film  will  attempt  to  recover  its 
original,  undeformed  length.  Complete  recovery  will  be  prevented  by  the 
permanent  deformation  of  the  aluminum  foil.  Therefore,  the  aluminum  will  be 
in  compression  and  the  Mylar  film  will  be  in  tension  after  the  laminate  stress 
is  released. 

The  tension  and  compression  in  the  components  has  no  apparent  effect  on 
the  Echo  (A- 12)  laminate-  It  can  be  seen  from  the  cross  section  of  the  lam¬ 
inate  (fig.  l)  that  the  tension  force  in  the  Mylar  film  is  balanced  by  the 
compression  forces  in  the  aluminum  on  each  side  of  the  film.  However,  in 
the  Echo  I  material,  the  A/M  laminate,  and  the  Explorer  IX  laminate  the 
forces  are  not  balanced  and  tbe  resulting  torques  deform  the  material. 

In  order  to  illustrate  tne  effect  of  the  torques,  1/2-inch-wide  strips 
of  the  composites  were  subjected  to  several  tensile  loads  and  the  resulting 
deformation  is  shown  in  figure  4.  As  the  load  increases  so  does  the  curva¬ 
ture  of  the  composites.  The  small  sections  which  were  cut  from  the  test 
strips  tended  to  curl  into  small  cylinders.  The  edges  of  the  test  strip  of 
the  Echo  I  material  curled  after  U  pounds  of  load  sc  the  strip  itself  did 
not  deform.  After  5  pounds  of  load  the  vapor-deposited  aluminum  was  so  thin 
that  there  wets  no  appreciable  deformation  as  shown  by  the  section  that  was 
cut  from  the  test  strip.  Although  tbe  torques  are  small  (an  estimated 
2.5  X  lcH*  inch-pcrund  for  the  A/M  laminate  subjected  to  a  lA~  pound  loadj 
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they  may  become  sign! f ( cent  in  »  null  gravity  field  and  cause  undesirable 
deformations.  On  the  other  hand,  such  torques  might  prove  to  be  useful  as  a 
restraining  or  restoring  force  in  a  simple  spring  or  damping  system. 


Stress  Relaxation 

The  effect  of  loading  a  laminate  until  the  aluminum  has  exceeded  its 
yield  stress  has  been  demonstrated  above  and  in  figure  4.  In  the  case  of  a 
laminate  with  balanced  forces,  the  yielding  of  the  aluminum  is  indicated  by 
a  decrease  in  the  slope  of  the  stress-strain  curve  {fig.  3).  A  further  indi¬ 
cation  of  the  effect  is  obtained  by  means  of  the  tensile  stress-relaxation 
test. 


The  representative  stress-relaxation  curves  for  the  Echo  (A- 12)  laminate 
are  ohovn  in  figure  5  where  the  stress  is  plotted  against  the  logarithm  of 
the  time  in  minutes.  The  tests  were  conducted  with  Initial  laminate  stresses 
in  a  lower  range  of  1,000  to  b,QOG  psi,  and  with  stress  in  a  higher  range  of 
6,OuO  to  lu, OOu  psi  (see  ref.  J4).  At  all  stress  levels  the  stress  decreases 
approximately  linearly  with  the  logarithm  of  time  from  C.l  minute  to 
1,000  minutes  (16  hours  and  40  minutes).  If  the  curves  are  extended  they 
intersect  at  two  points.  The  curves  for  the  initial  stress  in  the  lower 
stress  range  intersect  at  a  stress  of  about  100  psi  and  a  logarithm  of  time 
of  17- 7 •  The  curves  for  the  higher  range  stresses  intersect  at  a  stress  of 
1,300  psi  and  a  logarithm  of  tine  of  14.8. 

The  two  points  of  intersection  reflect  the  dual  response  of  the  laminate 
to  long  time,  fixed  deformation.  For  laminate  stresses  up  to  4,000  psi  the 
aluminum  foil  is  still  below  its  yield  stress  and  the  Mylar  film  is  at  a  com¬ 
paratively  low  stress  of  less  than  1,500  psi.  The  aluminum,  then,  carries 
most  of  the  load  on  the  laminate  so  the  curves  in  the  lower  stress  range  are 
virtually  those  of  the  aluminum.  At  the  higher  stresses  the  aluminum  has 
exceeded  its  yield  stress  and  the  ftylar  film  maj  oe  loaded  to  a  stress  as 
high  as  10,000  psi.  Therefore,  the  laminate  undergoes  a  more  rapid  rate  of 
stress  reduction  in  the  upper  stress  range  than  it  does  in  the  lower.  The 
difference,  however,  is  rather  email.  In  the  lower  range  the  stress  decays 
at  the  rate  of  about  4.8  percent  of  the  original  stress  per  decade  of  time 
and  in  the  upper  range  the  rate  is  6  percent.  As  a  result,  if  the  laminate 
is  fabricated  into  a  structure  in  such  a  way  that  stress  gradients  occur 
across  the  surface  of  the  laminate  (gradients  caused  by  such  elements  as 
seams,  pole  caps,  or  local  reinforcements)  it  is  unlihely  that  the  stress 
gradient  will  decrease  to  any  practical  degree.  For  example,  for  an  original 
laminate  stress  of  10,000  psi,  more  than  100  years  would  be  required  for  the 
iasunate  to  relax  to  5,000  psi  (fig,  5)*  It  can,  of  course,  be  very  mis¬ 
leading  to  extrapolate  time-dependent  data.  The  above  example,  however, 
although  it  involves  such  extrapolation,  does  give  some  idea  of  the  long 
times  which  would  be  required  for  the  Echo  (A-12)  laminate  to  undergo  exten¬ 
sive  stress  relaxation. 


Flexural  Rigidity 

The  flexural  rigidity  of  the  composites  is  listed  in  tabic  3  and  illus¬ 
trated  in  figure  6.  The  flexural  rigidity  is  the  product  of  Young's  modulus, 


Figure  k..  Deformed  condition  of  Echo  I  material,  A/M  laminate,  and  Explorer  IX  laminate 
after  having  been  subjected  to  the  indicated  loads. 
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relaxation  of  Echo  (A- 12)  laminate. 


E,  and  I,  the  moment  of  inertia  for  flexure.  Because  of  its  tendency  to  curl 
it  was  impossible  to  measure  the  flexural  rigidity  of  the  A fit  laminate  in  the 
same  manner  as  the  other  composites  was  measured,  therefore,  the  flexural 
rigidity  of  the  laminate  was  calculated. 

All  of  the  flexural  rigidity  values  are  quite  low  for  structural  pur¬ 
poses.  They  fall  in  the  range  of  10" 6  to  10*^  lb-in.2  which  is  snail  in  com¬ 
parison  to  the  flexural  rigidity  of  approximately  8  x  10-1  lb-in.2  for 
0.01-inch-thick  aluminum.  The  lowest  value  of  rigidity,  5*06  x  10®  lb-in.2, 
is  that  of  the  Echo  I  material.  The  A/M/A  laminate  has  the  highest  rigidity, 
5.02  x  10" ^  lb-in.2.  The  rigidities  relative  to  the  Echo  I  material  are 
listed  in  table  3«  The  Echo  (A- 12)  laminate,  which  was  designed  to  he  stiffer 
than  the  Echo  I  material,  is  over  100  times  as  rigid.  The  ratio  of  the  rigid¬ 
ity  of  the  Echo  I  material  to  the  Echo  (A-12)  laminate  to  the  X-J2B  laminate 
is  1/115/46.  The  ratio  given  in  reference  6  for  the  same  composites  is 
approximately  1/57/5*  The  latter  ratio,  based  on  design  calculations,  is  more 
conservative  than  the  ratio  which  was  determined  by  the  flexural  rigidity 
tests.  The  difference  between  the  two  ratios  gives  some  indication  of  how 
difficult  it  is  to  obtain  agreement  between  the  calculated  and  the  measured 
flexural  rigidities  for  thin  composite  materials. 

Increased  resistance  to  bending  may  or  may  not  be  an  advantage,  depending 
on  the  application  of  the  composite.  If  the  increased  rigidity  is  accompanied 
by  a  substantial  weight  increase,  then  the  more  rigid  composite  may  not  be  as 
efficient  as  one  which  is  less  rigid.  TSie  flexural  rigidity  of  the  composite, 
divided  by  its  weight  per  unit  area,  is  taken  as  the  weight  efficiency.  The 
values  are  listed  in  table  5  and  are  equal  to  c^f  the  value  of  c  being 
determined  from  the  curve  in  figure  2b.  In  reference  10  the  value  c  is 
referred  to  as  the  bending  length  and  is  considered  to  be  a  measure  of  the 
quality  of  a  fabric.  As  it  is  used  here  c  is  a  measure  of  the  efficiency 
of  a  composite  material  in  resisting  flexure. 

A  hi^ier  rigidity  nay  be  obtained  by  increasing  the  thickness  of  the 
material.  In  a  homogeneous  material  the  flexural  rigidity  increases  as  the 
cubs  of  the  thickness.  A  thicker  material,  however,  requires  a  larger  volume 
for  packaging  and  may  present  some  folding  problems.  Therefore,  the  flexural 
rigidity  of  the  composite,  divided  by  its  measured  thickness,  is  taken  as  the 
thickness  efficiency  and  the  values  are  listed  in  table  3. 

The  A/M  laminate  has  the  lowest  ^1.8  X  10" 1  in.1*)  and  the  A/M/A  laminate 
has  the  highest  (s.84  X  10  in.1*)  weight  efficiency  of  the  composites  which 
were  tested.  The  flexural  rigidity  of  the  A/M  laminate  may  be  lower  than  the 
true  value  because  the  rigidity  was  calculated  on  the  assumption  that  only 
the  aluminum  is  effective  in  bending.  Even  if  the  calculated  rigidity  were 
in  error  by  as  much  as  20  percent,  the  weight  efficiency  would,  he  comparable 
to  the  efficiency  of  the  Echo  I  material.  From  the  standpoint  of  thickness, 
the  A/M  laminate  has  a  low  efficiency  of  4,02  x  10^  lb-in.  The  Echo  (A-12) 
laminate  has  a  high  thickness  efficiency  of  l.l4  x  10&  lb-in. 

A  comparison  of  the  flexural  rigidity,  the  weight,  and  the  thickness 
of  the  composites  relative  to  the  Echo  I  material  is  shown  in  figure  6.  A 
logarithmic  scale  is  used  for  the  relative  flexural  rigidities  in  order  to 
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accommodate  the  wide  spread  In  the  values.  Included  in  figure  6  is  a  set  of 
curves  which  show  the  flexural  rigidity  which  would  he  equal  to  a  weight  or 
thickness  efficiency  oT  1,  10,  100,  and  1,000  times  the  efficiency  of  the 
Echo  I  material.  For  example,  a  composite  that  is  50  times  as  rigid  but 
which  weighs  five  times  as  much  would  be  located  on  the  10X  curve  because  it 
would  have  ten  times  the  weight  efficiency  of  Echo  I. 

It  can  be  seen  in  figure  6a  that  the  weight  efficiency  of  the  A/M  lami¬ 
nate  is  lower  than  that  of  the  Echo  I  material.  The  highest  (135X)  effi¬ 
ciency  is  achieved  by  the  A/M/A  laminate  followed  closely  by  the  Explorer  IX 
laminate  which  has  a  weight  efficiency  that  is  133  times  that  of  the  Echo  I 
mute  rid..  The  high  efficiencies  are  obtained  at  a  considerable  increase  in 
we i gilt  of  ?  to  8  times  the  weight  of  the  Echo  I  material.  However,  the  lami¬ 
nates  should  prove  tc  be  useful  in  cases  in  which  a  small  (ant*,  therefore, 
low  total  weight)  but  highly  rigid  structure  is  required.  'Hie  requirements 
of  size  and  rigidity  were  in  fact  encountered  in  the  Explorer  IX  air-denslty- 
measureaent  satellite  (ref.  3).  The  Explore r  IX  laminate,  then,  represents  a 
case  in  which  a  laminate  was  designed  for  a  particular  application  and  then 
satisfactorily  employed  for  it. 

Both  the  Echo  (A-12)  laminate  and  the  X-3HB  laminate  have  higher  weight 
efficiencies  (tq  and  30  times)  than  the  Echo  I  material.  Hie  X-3®  may  be 
more  efficient  in  orbit  than  i indicated  by  figure  6.  Hie  reason  is  than 
in  the  flexural  rigidity  test  the  gravitational  force  or  weight  of  the  mate¬ 
rial  is  the  deforming  load.  Hie  chemical  milling  of  the  X*3<2S  laminate 
removes  rj8  percent  of  the  aluminum,  and  relieves  the  laminate  of  approxi¬ 
mately  one-half  of  the  deforming  load  cf  solar  pressure.  Hie  polypropylene 
windows  contribute  to  the  wei  chi  which  deforms  the  material  in  the  flexural 
rigidity  test.  These  same  windows  would  contribute  a  negligible  load  under 
the  action  of  solar  pressure.  Therefore,  the  X-32B  laminate  may  be  more 
efficient  than  the  flexural  rigidity  test  indicates. 

The  thickness  efficiencies  of  the  composites  are  illustrated  in  fig¬ 
ure  6b  where  it  is  shown  that  A/M  laminate  has  the  lowest  efficiency.  The 
A/’m/A,  X-32B,  and  Explorer  IX  laminates  have  thickness  efficiencies  which 
are  approximately  2,  3,  and  6  times  that  of  the  Echo  I  material.  The  Echo 
(A- it)  laminate  has  the  highest  efficiency  (17  times)  and  the  lowest  thick¬ 
ness  (2  times)  relative  to  Echo  I  material.  Hie  combination  of  low  thickness 
and  high  efficiency  indi cater  that  the  Echo  (A -12)  is  suitable  for  large 
structures,  such  as  the  Echo  (a-12)  satellite,  or  for  large  structures  in 
which  rigidity  is  required  but  packaging  space  is  limited. 

Hie  above  discussion  indicates  increased  efficiency  in  resisting  bending 
accompanied  by  an  increase  of  weight  and/or  thickness  of  the  composite. 

An  increase  in  weight  or  thickness  does  not  necessarily  bring  about  an 
increase  in  efficiency,  however.  The  A/M  l-iainuic  is  ar.  example.  It  is  not 
good  enough,  then,  to  design  or  use  laminates  which  are  heavier  c c  thicker 
than  Echo  I  material,  even  though  they  my  have  a  higher  flexural  rigidity. 
Hie  candidate  laminate  might  he  no  more  efficient  than  a  scaled-up  version 
of  the  Echo  I  material.  On  the  other  hand,  an  Echo  I  type  material  of 
the  thickness  of  the  Explorer  IX  laminate  might  present  some  problems  in 
folding  and  packaging.  As  0  result,  a  laminate  incorporating  aluminum  foil 
might  he  necessary  so  that  the  required  flexibility  could  he  achieved,  even 
at  the  loss  of  some  of  the  efficiency.  A  composite  material  for  use  in 
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balloon -like  structures,  then,  represents  a  compromise  among  the  factors  of 
weight,  thickness,  rigidity,  and  flexibility. 


CONCLUDING  REMARKS 


The  mechanical  properties  have  been  determined  of  six  composite  mate¬ 
rials  which  have  been  used  or  have  potential  use  in  aerospace  structures. 

tt  has  been  found  that,  in  comparing  the  tensile  properties  of  composite 
materials,  it  is  more  accurate  to  express  the  properties  ie  terms  of  breaking 
load  and  extension*!  stiffness  rather  than  strength  and  Young* b  modulus.  The 
stress-strain  or  load- strain  curve  of  a  composite  can  be  estimated  if  the 
stress-strain  curves  of  the  components  are  known.  In  the  aluml mcn-Mylar  lam¬ 
inates  the  residual  stresses  in  the  components  may  act  in  opposite  directions. 
As  a  result,  these  forces  can  severely  deform  a  laminate  in  which  the  forces 
are  not  balanced.  The  dual  response  to  long  time,  fixed  strain  of  a  two  com¬ 
ponent  laminate  has  been  demonstrated  by  the  stress-relaxation  test.  For 
laminate  stresses  below  those  at  which  the  aluminum  has  reached  yield,  the 
rate  of  stress  decay  is  lower  than  the  ease  in  which  the  aluminum  has  yielded. 

The  flexural  rigidity  of  the  composites  has  been  measured  by  the  heavy 
clasi.i  e.n  acthc-d*  It  has  been  found  that  increased  rigidity  is  obtained  at 
the  cost  of  increased  weight  and/or  thickness. 
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Figure  Cross  section  of*  composite  laaterifiiJ.s* 


EXPANDABLE  DRAG  DEVICES  FDR  MACH  10  FLIGHT  REGIME 


F.  R.  Nebiker 

Goodyear  Aerospace  Corporation 


Space  and  the  high-speed,  high-altitude  Right  associated  with  it  requires 
new  methods  of  stabilization  and  deceleration  for  the  recovery  of  such  pay¬ 
loads  as  manned  escape  capsules,  personnel  ejected  from  space  capsules, 
rocket  boosters,  nose  cones  and  instrument  data  packages.  Initial  stabiliza¬ 
tion  is  required  so  that  protective  re-entry  devices  (heat  shields,  ablation 
shields,  drag  producing  devices)  of  a  payload  tumbling  or  disoriented  in  space 
can  be  tiigned  with  the  flight  path,  initial  deceleration  is  required  to  reduce 
aerodynamic  heating  and  loading  and  to  reduce  the  velocity  of  the  payload 
gradually  in  a  varying  dynamic  loading  regime.  This  is  done  essentially  by 
decreasing  the  ballistic  coefficient,  W/CjjA. 

These  new  stabilization  and  deceleration  methods  will  provide  for  a  con¬ 
trolled  descent  over  a  known  trajectory  and,  coupled  with  acquisition  aids, 
will  enable  a  successful  recovery  within  a  predetermined  area. 

If  conventional  recovery  methods  are  to  be  utilized  in  the  final  stage,  it 
is  particularly  important  that  the  velocity  of  the  payload  be  reduced  gradually 
from  high-speed,  high-altitude  conditions.  Recent  investigations  indicate  that 
conventional  parachutes  are  not  satisfactory  for  this  first-stage  deceleration 
because  of  aerodynamic  heating  and  erratic  loading  at  supersonic  flow  condi¬ 
tions.  Under  Contract  AF33(616)-60I0,  Goodyear  Aerospace  Corporation 
studied  the  feasibility  of  inflatable  fabric  structures  for  recovery  systems 
for  speeds  to  Mach  4  and  altitudes  to  200, 0G0  feet.  This  program  included 
theoretical  analysis  as  well  as  laboratory,  wind  tunnel,  free-fall,  and  rocket 
powered  flight  tests.  Under  Contract  AF33(616)-8015,  the  company  investi¬ 
gated  various  shapes  of  inflatable  decelerators  for  operation  at  Mach  10,  al¬ 
titudes  to  2C0,  000  feet  and  temperatures  to  1500  F.  The  investigation  also 
included  study  of  drag  area  variation  during  descent  to  eliminate  final  stage 
parachute  recovery.  Deployable  decelerators  were  investigated  analytically 
and  tested  in  wind  tunnels  at  the  above  aerodynamic  conditions. 

In  June,  1963,  Goodyear  Aerospace  was  awarded  by  the  Aeronautical  Sys¬ 
tems  Division  of  the  USAF,  the  prime  contract  for  the  program  designated  as 
ADDPEP  (Aerodynamic  Deployable  Decelerator  Performance  Evaluation  Pro¬ 
gram)  (Contract  AF33(657J- 10955).  This  program,  in  essence,  includes  theo¬ 
retical  investigation,  evaluation,  tests  and  modification  of  newly-designed  de¬ 
ployable  decelerators  categorized  in  three  groups:  (1)  hi-q  parachutes,  which 
are  large  ribbon- type  parachutes  needed  for  large  payload  recoveries  at  tran¬ 
sonic  and  supersonic  speeds  at  high  dynamic  pressures:  (2)  small  supersonic 
parachutes  capable  of  stable  and  reasonable  high-drag  performance  at  Mach 
numbers  up  to  5;  and  (3)  the  investigation,  evaluation  and  modification  of  bal¬ 
loon-type  (Ballute)  decelerators  capable  of  stable  and  high-drag  performance 
up  to  Mach  numbers  of  10. 
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This  program  entails  the  design  modification  and  manufacture  of  two  new 
basic  type  rocket*  boos  ted  vehicles.  These  vehicles  are  test  devices  weighing 
400  to  1100  pounds,  depending  upon  the  application,  and  are  capable  of  moni* 
toring  performance  of  the  decele raters  during  their  flight.  The  vehicles  may 
be  boosted  by  a  large  number  of  various  solid  booster  combinations  to  the  de¬ 
sired  trajectories  and  test  points.  The  performance  envelope  of  these  ve¬ 
hicles  includes  a  Mach  10  capability.  The  vehicles  are  recoverable  and  are 
used  after  refurbishment  for  subsequent  tests.  Flight  data  are  recorded  on 
on-board  cameras  and  instrumented  data  are  telemetered  to  ground-based 
stations. 

The  following  summarizes  the  effort  under  each  of  the  programs  Good¬ 
year  Aerospace  has  conducted  to  develop  expandable  aerodynamic-type  de¬ 
celerates. 


MACH  4  PROGRAM 


Rocket  boosted  missile  tests  of  the  full-scale  Ballute  system  were  con¬ 
ducted  during  1960  and  1961.  These  testd  varied  from  a  trajectory  of  Mach  2 
at  120,  000  feet  to  a  desired  Mach  3.  5  of  155,  000  feet.  These  trajectories 
were  obtained  by  the  use  of  two  or  three  Nike  boosters  mounted  in  tandem, 
dependent  on  trajectory  requirements.  Each  test  missile  contained  five  chan¬ 
nels  of  telemetry  for  transmission  of  ihe  snatch  load,  drag  load,  dynamic 
pressure,  acceleration  and  Ballute  internal  pressure  during  flight,  and  gear 
for  water  impact  and  recovery  after  landing  in  the  Gulf  of  Mexico.  Four  mis¬ 
siles  were  fired,  three  with  a  two-Nike  booster  set-up  and  one  with  a  three- 
Nike  booster  setup;  each  achieved  the  desired  Mach  number  and  altitude.  Up¬ 
on  recovery  of  these  missiles,  further  data  were  obtained  from  an  on-board 
movie  camera.  Generally,  the  measurements  corroborated  the  data  obtained 
during  the  wind  tunnel  and  analytical  phases. 

Four  free-fall  tests  were  conducted  at  Holloman  AFB  near  Alamogordo, 

N.  M.  The  missile  was  ballasted  to  weigh  500  pounds  and  was  carried  to  an 
altitude  of  approximately  98,  000  feet  by  a  1,  000,  000-cubic  foot,  1  mil  Mylar 
balloon.  The  balloon  was  launched  by  standard  procedures  and  rose  at  ap¬ 
proximately  800  to  1000  fpm.  At  the  desired  altitude,  the  missile  was  sev¬ 
ered  by  an  explosive  and  allowed  to  fall  free  to  about  88,  000  feet,  where  its 
velocity  was  approximately  600  fps.  At  this  point,  a  tinier  sequenced  a  sec¬ 
ond  pyrotechnic  charge  that  separated  the  segmented  canister  from  the  aft 
portion  of  the  missile,  deploying  the  Ballute.  Gne-haif  second  later,  an  in¬ 
ternal  pressure  bottle  was  fired,  inflating  the  Ballute  to  its  full  9-foot  diame¬ 
ter.  The  Ballute  deployed  on  its  15-foot  suspension  line,  recorded  by  aa 
on-bouiti  camera  and  by  optical  coverage  from  three  ground  stations  at  the 
test  site.  The  total  drag,  Ballute  internal  pressure,  acceleration,  and  dy¬ 
namic  pressure  from  the  missile  were  telemetered  and  recorded.  At  approxi¬ 
mately  50,  000  feet,  the  parachute  was  deployed  and  the  missile  floated  down 
for  a  spike  impact  in  the  desert  area.  The  purpose  of  these  free-fall  tests 
was  to  further  check  the  system  functionally  and  gather  data  on  the  subsonic 
and  transonic  speed  regimes. 
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MACH  10  PROGRAM 


Upon  completion  of  the  Mach  4  phase  of  the  program,  more  advanced 
work  was  initiated  covering  the  development  and  analysis  of  a  system  eapafcte 
of  operating  in  the  Mach  10  flight  regimes.  The  program  included  a  compre¬ 
hensive  study  of  various  materials  capable  of  withstanding  the  1500  F  tem¬ 
perature  expected  to  be  encountered  in  the  flight  profile,  and  investigation  of 
various  problems  inherent  in  the  aerodynamic  stability  and  inflation  of  a  de¬ 
vice  traveling  at  hypersonic  speeds.-  Here  again,  extensive  analytical  work 
was  conducted  and  followed  up  with  wind  tunnel  tests  at  the  Langley  4X4* 
toot  Unitary  Tunnel  Mach  4.6  facility.  Dacron- neoprene  balloons  of  various 
sizes  and  configurations  were  tested  first.  The  shapes  to  be  considered  now 
were  essentially  the  basic  sphere,  cones  of  various  angles,  hemispheres, 
and  other  devices  that  would  maintain  inflation  throughout  the  trajectory  and 
down  to  sea-level  altitude. 


PERFORMANCE  AND  DESIGN  STUDIES 


Of  the  many  wmd  tunnel  models  tested,  the  closed  pressure-vessel  type 
spheres,  cones  and  hemispheres  performed  in  a  very  stable  manner  behind 
a  payload.;  The  aerodynamic  drag  agreed  well  with  the  data  of  previous  rigid 
model  tests.  A  new  type  of  Ballute  system  was  evolved  so  that  the  recovery 
system  could  be  limited  to  one  stage,  with  the  first  stage  decelerator  also 
serving  as  the  final  stage  decelerator  at  sea  level. 

This  required  the  Ballute  to  increase  its  inflation  pressure  during  the 
trajectory  to  offset  the  increased  ambient  pressure  and  increased  dynamic 
pressure  dictated  by  the  velocity  and  altitude-  In  this  case,  the  obvious  so¬ 
lution  was  to  utilize  the  same  techniques  as  used  on  the  parachute;  that  is,  to 
use  ram  air  (dynamic  pressure)  to  inflate  the  body  to  its  initial  shape  and  to 
maintain  its  inflation  down  to  sea  level.  Subsonic  tests  indicated  that  an  open¬ 
ing  somewhere  in  the  vicinity  of  2  or  3  percent  of  the  total  body  diameter, 
fixed  in  place  by  a  metal  or  fiberglass  ring  with  a  spider  in  the  center  of  this 
ring  attaching  it  to  the  single-line  suspension  mechanism,  would  be  adequate 
to  inflate  the  Ballute  properly  and  maintain  its  inflation  under  a  wide  range  of 
dynamic  pressures.; 

However,  as  speeds  surpassed  Mach  2,  problems  were  encountered.  A 
phenomena  seemed  to  exist  in  which  fabric  flutter  and  fluctuation  in  load  level 
caused  stru'-tu-^l  failure  due  to  shock  swallowing  and  variation*  in  mass  flow. 
This  created  <,  milter  uelit  ate  problem  in  the  stress  analysis. 

Various  ram-air  flexible  and  rigid  models  were  constructed  and  equipped 
with  transducers  sensitive  to  rapid  fluctuations  of  internal  pressure.  It  was 
found  that,  if  a  screen  or  reed-valve  type  inlet  was  installed  in  the  inlet  por¬ 
tion  of  the  Ballute,  these  pulsations  could  be  reduced  or  eliminated.  Utilizing 
screens  or  reed  valves,  depending  upon  the  application,  the  Ballutes  were 
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successfully  inflated  and  performed  properly  during  the  wind  tunnel  tests, 
which  were  designed  to  simulate  as  closely  as  practical  the  conditions  es¬ 
tablished  by  the  IBM  computer  trajectory  study.  The  studies  included  plots 
of  velocity  versus  altitude.  Mach  number  versus  altitude,  g'a  versus  alti¬ 
tude,  time  versus  altitude,  dynamic  pressure  versus  altitude,  and  total  pres¬ 
sure  versus  altitude,  for  various  ballistic  coefficients  such  as  I,  10,  SO,  and 
100  and  at  four  different  initial  conditions:  Mach  4  at  70,  000  feet,  Mach  4  at 
120,  000  feet,  Mach  10  at  120,  000  feet  and  Mach  10  at  200,  000  feet.  In  addi¬ 
tion,  the  surface  temperature  distributions  of  spheres  and  conical  bodies  with 
and  without  forebody  interference  were  analyzed. 

Body  temperature  distribution  was  plotted  as  a  function  of  altitude,  veloc¬ 
ity  and  Mach  number  for  various  :nitial  conditions.  In  addition,  optimum 
structural  requirements  Tor  the  Ballute  were  established.  The  optimum  con¬ 
figuration  became  an  80  degree  conical- shaped  Ballute  with  an  isotensoid,  or 
in  some  cases,  a  tucked,  aft  portion  of  the  Ballute.  In  an  isotensoid  surface, 
the  fabric  has  uniform  stress  in  all  directions  and  the  mer'dian  cables  have 
constant  tension  throughout  their  lengths.  This  allows  a  mi  *im  weight  de¬ 
sign  that  takes  the  same  shape  when  inflated  as  the  shape  to  .nch  it  was  tail¬ 
ored,  and  maintains  this  shape  after  inflation.  It  is  capable  of  withstanding 
the  high  dynamic  loads  in  opening.  Essentially,  an  improved  type  of  high¬ 
speed  parachute  was  developed  that  retained  the  parachute  weight  and  pack¬ 
aging  features  and  yet  overcame  parachute  shortcomings  with  respect  to  su¬ 
personic  stability  and  aerodynamic  heating  resistance.; 

The  payload  was  suspended  from  the  fixed  inlet  in  the  Ballute  by  a  single 
line  connected  to  a  number  of  cables  that  went  around  the  Ballute  to  the  middle 
of  its  aft  portion.  At  this  point,  an  internal  cable  joined  the  multiple  cables 
and  carried  a  portion  of  the  load  to  the  forward  point  of  the  inlet  to  distribute 
the  load  evenly  through  the  Ballute  fabric. 

One  other  consideration  was  investigated;  the  inflation  position  of  the 
Ballute  at  very  high  altitudes  where  the  dynamic  pressures  would  be  extreme¬ 
ly  low.  This  problem  was  solved  by  installing  a  simple  lightweight  bladder, 
made  of  plastic  or  very  thin  rubber,  inside  the  Ballute.  Inflated  with  alco¬ 
hol  or  other  vaporizing  liquid,  (he  bladder  erected  the  Ballute  and  positioned 
it  so  that  it  was  deployed  aft  of  the  payload  body  in  a  wake  field  that  provided 
adequate  ram-air  pressure  for  additional  inflation.  As  the  ram-air  pressure 
became  stronger  than  that  in  the  internal  pressurizing  bladder,  the  bladder 
was  compressed  in  the  rear  portion  of  the  Ballute. 

Of  the  other  configurations  tested  at  Mach  4-6.  it  was  found  that  the  hemi¬ 
spherical  balloon  and  the  75-  and  80-degree  conical  balloons  were  very  stable. 
The  90-degrec  cone  exhibited  some  instability  and  a  very  slight  resultant  in¬ 
crease  in  drag  coefficient  that  precluded  its  further  consideration.  Essenti¬ 
ally,  the  most  promising  results  were  in  the  area  of  either  a  positively  in¬ 
flated  sphere  or  an  80-degree  apex  angle,  ram-air  inflated,  conically- shaped 
balloon.  The  ram-air  inflated  balloon  obviously  had  advantages  over  the  other 
types  due  to  its  minimum  inflation  mechanism  requirements,  and  is  recom¬ 
mended  for  most  applications. 
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HIGH- TEMPERATURE  MATERIALS  DEVELOPMENT 


To  lurther  the  deceleration  studies  into  the  Mach  10  regime,  a  develop¬ 
ment-program  was  initiated  to  study  high- temperature  materials.  Previous 
Goodyear  Aerospace  work  in  the  field  had  narrowed  the  study  into  the  area 
of  woven  wire  meshes  coated  with  a  high- tempe r atu re ,  silicone -ceramic 
elastomer.  These  developments  wert  explored  further  tor  the  Ballute  appli¬ 
cation,  and  a  modification  of  the  basic  cloths  was  made.  Numerous  fine 
threads  of  wires  {1.6  mil  of  Rene'  41,  a  nickel-chromium  alloy  used  pri¬ 
marily  in  turbine  blades  of  jet  engines)  were  twisted  in  groups  of  7  strands 
into  a  varn,  then  woven  into  a  cloth  with  approximately  160  ends  of  wire  or 
cable  per  linear  inch.  This  multiple  stranded  or  cabled  cloth  was  then  coated 
with  a  Goodyear  lire  and  Rubber  Company  development,  a  high- temperature 
silicone-ceramic  elastomer,  CS1Q5.- 

This  coating  not  oniy  provides  a  sealant  but  also  a  capability  to  withstand 
approximately  8  psi  differential  pressure  within  the  Ballute  without  gassing 
or  excessive  leakage  of  the  woven  wire  mesh.  Fabrication  techniques  were 
investigated  and  it  was  found  that  resistance  spot  welding  m  two  staggered 
rows  of  approximately  S  welds  per  linear  inch  was  optimum  for  about  a  90 
percent  seam  efficiency.  Various  mockup  units  and  models  were  built  of 
this  material  for  structural  testing.  Ultimately,  Goodyear  Aerospace  con¬ 
structed  f-.ve  Rene  41  balloon  models,  10  inches  in  diameter.; 


HYPERSONIC  WIND  TUNNEL  TESTS 


The  Mach  10  tests  were  conducted  at  Arnold  Engineering  Development 
Center  in  the  50- inch  Von  Karmen  tunnel.  A  unique  feature  of  this  tunnel  is 
the  model  installation  chamber  below  the  test  section,  which  allows  the  en¬ 
tire  pitch  mechanisms  (sting  and  model)  to  be  raised  into  and  lowered  out  of 
the  tunnel.-  When  the  model  is  in  the  retractive  position,  the  fairing  doors 
and  safety  doors  can  be  closed,  allowing  entrance  to  the  tank  for  model 
changes  while  the  tunnel  is  running.  When  the  model  is  in  the  test  section, 
only  the  fairing  doors  are  closed,  leaving  the  tank  at  static  pressure.  Stag¬ 
nation  pleasures  of  up  to  approximately  7000  psia  are  supplied.; 

The  external  gcomeiry  for  alt  the  Ballute  models  was  basu  ally  similar, 
including  the  solid  (heat  transfer  and  pressure  rigged)  models  aad  the  flexi¬ 
ble  Rene'  41  units.  The  heat  transfer  models  were  fabricated  fi om  321  stain¬ 
less  steel  and  formed  by  the  spinning  process;  the  skin  thickness  varied  from 
0.  5  to  0.  064  inch.  Nineteen  thermocouples  were  spot  welded  cn  the  interior 
surface  and  two  were  mounted  inside  the  model  to  measure  the  interna)  am¬ 
bient  temperature.  The  pressure  model  also  was  fabricated  .'rom  321  stain¬ 
less  steel  and  was  instrumented  with  17  static  orifices  on  the  surface,  and 
one  internal  orifice  for  measuring  the  internal  pressure.  Flexible  drag  mod¬ 
els  were  fabricated  from  Rene  41  cloth.  The  seams  of  the  models  were  joined 
by  spot  welding  and  were  impregnated  with  a  high-temperature  silicone  poly¬ 
mer  to  decrease  the  poros-ty.  For  added  strength  on  the  flexible  models, 
eight  longitudinal  cables  were  connected  from  the  nozzle  to  the  base  plate. 


The  inlet  configuration  used  in  the  Mach  10  program  was  tested  on  the 
pressure  model  with  screens  covering  the  inlet  slots;  with  reed  valves,  screen 
removed;  and  with  open  slots.  In  addition  to  the  basic  inlet,  two  types  of  in¬ 
flating  tubes  were  used  with  the  flexible  models.  They  were  located  either  at 
the  forward  end  or  at  the  equator  of  the  Ballute.  The  models  were  supported 
by  a  strut  assembly.  The  strut  leading  edges  of  the  vertical  sections  of  the 
sides  and  the  top  of  the  horizontal  section  were  water  cooled.  The  flexible 
drag  models  were  connected  to  a  3/32-inch  diameter  Ren^  cable  routed 
around  pulley  wheels  inside  the  strut.  The  cable  could  be  extended  or  retrac¬ 
ted  by  means  of  an  hydraulic  cylinder  mounted  in  the  bottom  portion  of  the 
strut.  The  pressure  and  heat  transfer  models  were  supported  with  a  1 . 75- 
inch  diameter  sting.  With  a  collet-type  sting  replacing  the  hemispherical 
cover,  the  sting  lengths  of  the  heat  transfer  and  pressure  models  could  be 
adjusted  as  desired. 

The  instrumentation  of  the  models  included  a  pressure  data  system  that 
consisted  basically  of  tune  channels,  each  of  which  was  time  shared  between 
11  model  orifices  by  means  of  a  12-position  pressure  switching  valve..  The 
total  capability  was  99  model  measurements  with  the  first  position  of  each 
pressure  switching  valve  being  used  for  transducer  calibration.  A  conven¬ 
tional  short-range  divergent  ray  sparked  shadowgraph  system  was  used  to 
record  selective  flow  patterns  about  the  model.  A  strain  gage  type  link  was 
used  for  drag  measurements  on  the  flexible  models.  The  drag  link  was  in¬ 
corporated  and  instrumented  with  two  strain  gage  bridges  and  mounted  on  the 
hydraulic  cylinder  piston  rod. 

The  tests  were  detailed  and  generally  conducted  at  0  degree  angle  of  at¬ 
tack  through  a  Reynolds  number  range  from  0.  36  X  IQ*’  to  1.8  X  1G&  per  foot. 
The  pressure  data  were  obtained  at  various  distances  from  the  forebody  and 
heat  transfer  data  were  obtained  at  an  L/D  of  18  (length  of  riser  line  to  di¬ 
ameter  of  the  forebody).  The  forebody  and  strut  assembly  were  removed  and 
additional  heat  transfer  pressure  data  obtained  over  this  same  Reynolds  range. 
The  rigid  and  flexible  models  were  installed  and  injected  into  the  tunnel  at  the 
minimum  desired  L/D.  The  cable  then  was  extended  and  drag  measurements 
obtained  over  the  desired  L/D  range.  Some  of  the  flexible  models  were  pre¬ 
inflated  and  other  models  were  inflated  with  the  ram-air  device.  To  keep 
the  models  relatively  stable  during  the  injection,  a  restraining  cable  was 
loosely  connected  from  the  model  base  to  the  hemispherical  tie-down  cover 
to  the  aft  portion  of  the  sting. 

During  the  testing  of  these  Mach  10  devices,  it  was  found  that  the  fore¬ 
body  wake  did  not  tend  to  collapse  or  recover  at  any  distance  aft  of  the  pay- 
load  that  was  capable  of  being  tested  within  the  tunnel.  In  an  attempt  to  col¬ 
lapse  this  wake,  a  number  of  experiments  were  attempted  without  success, 
such  as  welding  steel  balls  or  little  scocps  around  the  <*Xt  portion  of  the  fore- 
bod,  in  an  effort  to  force  and  collapse  the  wak  ,  av.tl,*-  -  of  these 

did  anything  to  collapse  the  long-wake  core.  This  wake  did  not  affect  the 
positively  inflated  models  {preinflated  20  psia  models),  as  the  stability  of  all 
the  models  was  excellent.  However,  in  order  to  inflate  the  ram-air  models, 
a  different  method  of  ram-air  inflation  was  required,  due  to  the  fact  that  this 
core  existed  over  and  outside  the  ram-air  inlet  diameter. 
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In  order  to  overcome  this  problem,  a  spider  network  of  small  steel  tubes 
was  located  around  the  periphery  of  the  equator  of  the  Ballots  and  the  result¬ 
ant  ram-air  pressure  was  fed  down  into  a  manifold  on  the  aft  portion  of  the 
Ballute,  fed  in  turn  through  a  screened  inlet  to  the  Ballute  itself,  'This  meth¬ 
od  of  extended  ram-air  inlets  worked  very  well.  The  test  was  conducted  with 
the  Ballute  coupled  closely  to  the  forebody  and  also  at  various  l,/0  ratios  out 
to  IS.  In  all  cases,  the  inflation  was  positive,  the  Ballute  fully  inflated  and 
stable.  The  drag  coefficient  for  an  80-degrce  Ballute  at  this  Mach  10  regime 
for  the  Reynolds  numbers  as  described  essentially  runs  approximately  0.7 
to  0. 8  as  calculated  on  the  base  area  of  the  model. 

The  latest  Ballute  configuration  is  an  isotensoid  design  in  which  there  are 
external  meridian  cables  only.  There  is  no  internal  cable.  The  ram-air  in¬ 
lets  are  located  at  the  equator  of  the  Ballute,  because  in  this  position  they 
will  be  as  far  out  of  the  forebody  wake  as  possible,  and  will  tints  operate  most 
efficiently  in  this  position.  The  particular  inlet  shape  was  chosen  to  obtain 
a  nominal  orifice  coefficient  considering  the  boundary  layer  thickness  around 
the  Ballute.. 


PRESENT  ADBPEP  EFFORT 


State-of-the-art  advancement  of  aerodynamic  deployable  decelerators 
(i.e.  various  parachutes  and  balloon-type  drag  devices)  requires  two  definite 
steps  under  this  program:  (1)  establish  the  validity  of  available  analytical  and 
wind  tunnel  data  through  a  frec-flighl  test  program  using  test  missiles  capa¬ 
ble  of  achieving  test  point  conditions  and  obtaining  necessary  performance 
data;  and  (2)  if  the  available  data  are  invalid,  generate  new  analytical  data  to 
support  wind  tunnel  tests.  ••  - 

Under  the  A0OPEP  program  Goodyear  Aerospace  will  also  establish  and 
provide  service  to  support  a  free -flight  test  program.  It  will  fabricate  and 
instrument  test  vehicles,  provide  decelerator  test  items,  conduct  explora¬ 
tory  tests  where  necessary,  analyze  and  correlate  technical  data.  The  com¬ 
pany  will  also  establish  or  modify  existing  series  criteria  and  performance 
prediction  approaches  and  document  program  results  that  will  include  the  re¬ 
designs  or  new  designs  required  to  achieve  the  goals  previously  mentioned. 

Free-Right  testing  will  be  conducted  at  the  Air  Force  Proving  Ground 
Center  Gulf  Test  Range,  Egiin.  Florida,  for  the  rocket  boosted  test,  and  at 
Kirtland  Air  Force  Base,  New  Mexico,  for  the  aircraft  drop  tests  with  the 
heavy  2 10C- pound  vehicle. 

The  small  supersonic  parachutes  to  be  investigated  are  of  the  hype rflo 
variety  (special  ribbon  type  parachutes)  and  are  constructed  of  HT-1  material 
to  withstand  the  aerodynamic  heating  encountered  at  Mach  numbers  of  2  to  3. 
it  is  anticipated,  that  combinations  of  coated  HT-1  and/or  metal  fabric  will 
be  required  to  withstand  the  temperature  ranges  above  700  F  in  the  Mach  3. 5 
and  upward  regimes.  Tins  area  is  under  investigation  at  the  present  time, 
including  the  fabrication  technique  and  stress  analysis  associated  with  this 
specialized  parachute  construction. 
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Since  analytical  treatment  for  Ballutcs  has  progressed  to  a  degree  ap¬ 
proaching  that  of  rigid  structures,  a  much  reduced  program  is  planned  that 
will  be  centered  around  improving  the  design  and  analytical  techniques. 
Flights  are  planned  for  Mach  numbers  from  2  to  4  at  80,  000  to  100,  000  feet, 
to  vary  with  the  design  models.  This  in  turn  will  lead  for  an  extension  of 
the  performance  capability  of  the  Ballute  to  Mach  10  in  the  free-flight  case. 

Wind  tunnel  tests  of  high  dynamic  pressure  parachute  models  were  re¬ 
cently  completed  and  are  under  evaluation  and  consideration  for  testing  at 
a  later  date.  This  includes  a  capability  of  4000  psf  “q"  with  parachutes  16  to 
24  feet  in  diameter.  The  presently  planned  full-scale  flight  tests  of  the  large 
hi-q  parachutes  will  utilize  modifications  to  the  present  USAF  16-foot  hi-q 
parachute  designs.  This  test  treatment  will  afford  an  evaluation  of  missile 
data  recording  systems  as  well  as  confirming  expected  performance  predic¬ 
tions  for  the  large  hi-q  parachutes. 

Ultimately,  the  purpose  of  the  ADDPEP  program  is  to  come  up  with  the 
documentation  of  recommended  designs  capable  of  fitting  and  fulfilling  a 
multitude  of  the  needs  in  the  recovery  area  that  heretofore  have  been  unex¬ 
plored.  The  ADDPEP  effort  will  provide  the  space  industry  with  vitally 
needed  design  and  test  data  for  advanced  recovery  systems. 


APPLICATION  OF  THE  BALLUTE  DECELERATION  SYSTEM  TO  THE 

GEMINI  PROGRAM 


The  Gemini  space  capsule  manned  by  two  astronauts  contains  ejection 
seats  that  provide  off-the-pad  ejection  capability  in  case  of  booster  malfunc¬ 
tion  or  any  other  malfunction  upward  from  sea  level  to  about  60,  Out!  feet  at 
Mach  numbers  of  approximately  3,  and  also  for  the  descent  portion  below 
100,  000  feet  during  the  final  recovery  of  the  Gemini  capsule  in  case  of  other 
recovery  system  failures. 

The  recovery  of  the  astronauts  in  this  case  presents  the  problem  of  sta¬ 
bilization  and  deceleration  of  the  man  during  the  high-altitude,  free-fall  por¬ 
tion  of  his  emergency  escape  sequence.  Past  experience  and  limited  tests 
have  shown  that  it  is  possible  for  a  man,  particularly  an  astronaut  when 
rigged  in  a  full  pressure  suit  with  the  associated  survival  and  egress  equip¬ 
ment,  to  reach  a  point  of  instability  during  the  free-fall  from  high-altitudes. 

This  instability  can  result  in  a  coining  and  spinning  motion  which  could 
exceed  the  human  tolerance  and  injure  the  man  fateHy.  The  purpose  of  the 
Ballute  system,  which  is  attached  directly  to  the  Gemini  astronaut,  is  to  de¬ 
ploy  immediately  after  astronaut  separation  from  the  ejection  seat  and  in¬ 
flate.  It  thus  provides  the  stabilizing  moment  necessary  to  keep  the  man 
from  achieving  a  coining  or  spinning  position  during  his  free  fall  until  he 
reaches  a  lower  altitude,  where  the  Ballute  will  be  released  and  the  final  re¬ 
covery  chute  deployed  at  approximately  10,000  feet. 


Among  major  problems  Goodyear  Aerospace  is  investigating  for  Mc¬ 
Donnell  Aircraft,  capsule  prime  contractor  on  the  Gemini  program,  i&  defi¬ 
nition  of  the  minimum  Ballute  size  required  to  stabilize  the  ejected  Gemini 
astronauts.  This  investigation  must  also  determine  the  minimum  riser  line 
length  between  the  Ballute  and  attachment  to  the  men's  backboards  so  as  to 
preclude  any  possible  tangling  during  the  free-fall  portion  of  the  emergency 
recovery..  The  system  must  be  of  minimum  weight  and  volume,  and  the  Bal¬ 
lute  system  has  had  to  be  optimized  to  provide  a  weight  of  approximately  two 
pounds,  including  all  gear  required  in  the  Ballute,  and  a  packaging  volume  of 
about  100  cub,c'  inches.-  This  effort  requires  a  number  of  free-fall  drops  with 
various  size  Ballutes  to  define,  at  least  in  the  subsonic  regime,  a  minimum 
size  that  will  provide  adequate  stabilization,. 

An  Id- inch  Ballute  appears  to  do  the  job  adequately..  However.-  further 
analysis  and  testing  in  wind  tunnels  showed  this  size  to  be  marginal  during 
various  attitudes  of  a  man's  arms  and  legs,  so  a  rather  unusual  method  of 
gimbaling  and  mounting  a  model  man  in  a  wind  tunnel  to  allow  freedom  of 
movement  in  three  planes  was  devised  and  a  system  for  remote  deployment 
of  the  Ballute  during  the  spinning  or  tumbling  motion  of  the  model  was  de¬ 
veloped. 

it  was  then  found  that  a  riser  line  length  of  a  minimum  of  16  inches  and 
a  36->nch  diameter  Baiiutc  of  equivalent  size  full  scale  would  repeatedly  pull 
the  man  out  of  a  spin  and  stabilize.  It  was  established  as  a  criteria  that  in  a 
true  ejection  case  the  man  would  not  be  allowed  to  spin  up  because  the  Bal¬ 
lute  would  be  deployed  prior  to  his  achieving  any  such  motion.  Also  it  would 
be  conservative  and  practical  to  have  a  Ballute  capable  of  pulling  a  man  out 
of  a  spin.  These  were  the  criteria  observed  in  defining  the  performance  re¬ 
quirement  of  the  Ballute. 

After  a  number  of  subsonic  tests  were  conducted  and  many  combinations 
of  attachment  points  and  riser  line  lengths  tried,  the  tests  were  enlarged  by 
the  utilization  of  the  4  x  4-foot  NASA- Langley  supersonic  tunnel.  Here  was 
used  a  similar  three-degree-of-freedom  type  of  gimba!  set-up.-  It  allowed 
the  dummy  to  spin  under  supersonic  flow  condit,ons,  and  by  remote  deploy¬ 
ment  the  Ballute  pulled  the  dummy  out  of  the  spin  and  held  it  in  the  stabilized 
condition. 

Upon  conclusion  of  these  tests  a  full  scale  system  was  designed  and  fabri¬ 
cated  that  was  tested  in  the  AEDC  16  by  16-foot  supersonic  tunnel.  In  this 
series  of  tests,  a  6-foot  dummy  rigged  to  duplicate  as  closely  as  possible  an 
ejected  astronaut,  was  mounted  in  the  tunnel  in  a  gimbaling  system  similar 
to  that  used  in  subsonic  and  supersonic  tests.  The  dummy  included  compre¬ 
hensive  instrumentation. 

The  purpose  of  these  tests  was  to  verify  and  to  functionally  test  the  actual 
prototype  Ballutes  that  will  be  used  in  the  qualification  phase  of  the  program. 
Much  wa-  learned  during  this  program  as  to  selection  of  the  lightest  weight 
and  most  packageable  fabric,  the  best  seaming  technique,  method  of  folding 
and  packaging  the  inlets  and  the  associated  filming,  and  the  method  of  deploy¬ 
ment  from  the  canister  attached  to  the  backboard  behind  the  astronaut’s  left 
arm.  However,  one  of  the  basic  problems  in  the  wind  tunnel  tests  with  a  de¬ 
ceit  rator  is  that  it  is  difficult  to  achieve  the  actual  condition  of  free  flight  -  the 
condition  of  a  decaying  high-dynamic  pressure  flow  field.  The  constant  "q” 


condition  in  the  tunnel  creates  unrealistic  loads  on  the  Accelerator  so  the  test 
Accelerator  roust  be  overdesigned  to  withstand  high  dynamic  pressure  expo¬ 
sure  over  a  period  of  time. 

These  tests  established  the  qualifiable  Ballute  system  and  the  next  phase 
of  the  program  is  the  development  and  qualification  free -flight  drop  testing 
from  B-66  drop-test  type  aircraft  and  C- 130  aircraft,  followed  by  live  drops 
by  test  jumpers.  This  program  will  consist  of  a  number  of  instrumented 
dummy  drops  from  altitudes  from  45,  000  feet  at  similar  dynamic  pressures 
experienced  during  the  upward  trajectory  of  the  Gemini  capsule.  The  instru¬ 
mented  dummies  will  contain  two  motion  picture  cameras,  one  pointing  up¬ 
ward  and  the  other  one  pointing  downward..  The  telemetry  system  on  board 
the  dummy  wiU  transmit  information  from  accelerometers  and  rate  gyros 
that  will  be  used  to  augment  stability  analysis  of  the  Bailute-astronaut  com¬ 
bination. 

It  must  be  noted  that  the  man- Ballute  combination  is  a  very  complex 
aerodynamic  body  and  defies  very  accurate  aerodynamic  calculation.  Tests 
are  required  to  verify  assumptions  in  every  phase  of  the  program.  It  is  sig¬ 
nificant  that  the  application  of  an  expandable  structure  for  an  application  such 
as  the  Ballute  in  stabilising  a  Gemini  astronaut  is  just  one  of  the  many  for- 
reaching  capabilities  that  exist  in  the  field  of  expandable  structures. 

In  this  manner  the  technology  of  fabrics,  whether  high  temperature,  high 
strength  cr  lightweight,  can  be  applied  to  provide  an  optimum  system  consis¬ 
tent  with  the  practice  required  on  space  vehicles . 
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A  Program  for  tha  development  and  evaluation  of  the  elastic  recovery 
concept  for  expandable  space  structures  was  Initiated  by  the  Office  of 
Advanced  Research  and  Technology,  NASA  Headquarters,  18  March  1983,  The 
objectives  of  this  program  are 

1,,  To  select  optimum  composite  designs  utilizing  the  elastic  recovery 
principle  for  expandable  space  structures 

2,  To  compare  the  elastic  recovery  concepts  with  other  expandable 
concepts 

3:  To  select  optimum  applications  of  the  elastic  recovery  concept  for 
space  structures 

The  feasibility  of  this  approach  has  been  established.  Design  techniques  are 
being  developed,  and  applicable  materials  have  been  selected.  Approaches  to 
design  and  structural  applications  are  discussed  in  the  following  text,, 


DEFINITION  OP  THE  ELASTIC  RECOVERY  CONCEPT 

The  elastic  recovery  concept  sandwiches  a  compressible  core  between  two 
or  more  flexible  facings.  The  materials  used  in  the  construction  permit  the 
structure  to  be  alternately  folded  and  compressed  into  an  extremely  small- 
volume  container.  Upon  release  from  the  container,  the  stored  potential 
energy  of  the  compacted  material  is  sufficient  to  expand  and  rigidize  the 
structure., 

This  method  of  expansion  and  rigidization  has  many-advantages  with  respect 
to  the  others,  some  of  whi.h  are  Hated  bei-'Wi 

1,  There  is  an  extremely  high  expanded  volume  to  .packaged  volume  ratio; 
i.e.,  between  30:1  and  100: 1. 

2,  This  method  offers  an  inherent  expansion  and  rigidization  mechanism 
with  no  auxiliary  forces  required  such  as  gas  pressurization,  chemical 
reaction  oi  mechanical  devices. 
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J,  The  method  is.  adaptable  to  multi-wall  construction  for  ultimate 
meteorite  dud  ludiation  protection. 

4.  The  structure  is  extremely  lightweight. 

5.  Construction  is  based  on  available  state-of-the-art  materials,  which 
are  compatible  with  space  environments. 

b.  The  approach  is  adaptable  to  standard  manufacturing  procedures. 

?.  The  method  offers  reliable  expansion,  incorporating  fail-safe 
principles. 

The  most  efficient  designs  will  utilize  plastic  films,  elastomeric  cores, 
and  reinforced  plastic  laminates.  The  basic  components  of  this  design,  illus¬ 
trated  in  Figure  1,  are  the  compressible  core,  inner  pressure  shell,  meteoroid 
shici-J,  and  thermal  protection. 

A .•  Compressible  Core 


The  core  is  the  mechanism  lor  both  expansion  and  stabilisation. 

There  are  a  xariety  oi  cores  applicable  in  this  construction.  Flexible 
loan  is  the  most  basic  of  cores  and  the  most  readily  available.  Figure  2 
shows  typical  l  lb/cu  it  polyurethane  foam  compressed  and  expanded. 

Another  type  of  core  that  offers  promise  is  flexible  honeycomb. 
Figure  3  shows  a  typical  sample  of  flexible  honey< omb  compressed  and 
expanded.  Many  elastomeric  materials  can  be  used  in  this  construction, 
such  as  neoprene,  polyvinyl,  reinforced  elastomeric  film,  etc. 

Elastomeric  materials  can  be  used  lo  form  other  types  of  core  such 
as  the  expanding  wedges  shown  in  Figure  4.  These  wedges  can  be  expanded 
in  two  directions  compared  to  the  one  direction  of  honeycomb. 

Other  applications  of  elastomeric  materials  a3  core  structures  3re 
shown  in  Figures  >  and  6.  A  model  of  sandwich  construction  where  elasto¬ 
meric  cubing  is  used  as  longitudinal  supports  is  demonstrated  in 
Figure  5.  The  use  of  elastomeric  tubing  helically  wound  between  two 
facings  Is  shown  collapsed  and  expanded  in  Figure  6. 

B.  Inner  Pressure  Shell 


The  inner  pressure  shell  must  maintain  flexibility,  be  capable  of 
supporting  pressure,  and  be  isqiermeable  for  most  space  applications.  The 
plastic  film,  normally  used  for  pressure  liners,  must  be  reiniorced  in 
large  structures  lo  pmcide  necessary  strength.  The  plastic  matrix  used 
in  this  composite  is  selected  for  its  degree  of  impermeability.  Four  of 
the  most  impermeable  resin  systems  are 

1.  Po lyvinyl id ine- chloride  (Saran) 

2.  Poiyethylene-terephthaJate  (Mylar) 
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Unimpregnated 
Glass  Cloth 


Fortisan- 
.Relnforced 
Saran 


Innar  Surface 


lh/cu  ft  Foam 


Figure  1.  Typical  Cross  Section  of  an  Elastic 
Recovery  Design  Concept  - 
Narmco  MEG-A-WALL 
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Expanded 


Figure  2.  Poa*  Saaple 
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Compressed 


Expanded 


Figure  3*  Flexible  Honeycomb 
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Expanded 


A.  Expanding  Wedges  Core  Material 
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Co 1 lapsed 


Expanded 


Figure  5.  Fixed  Rings  with  Flexible 
longitudinal  Supports 
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Collapsed 


3.  Polychlorotri-f luoroethylene  (Teflon) 

4.  Polyvinylchloride  (PVC) 

The  elate  required  for  pressure  to  drop  from  14  psi  to  7  pal  by  gee 
leakage  through  different  inner  membrane  materials  of  an  8-ft  diajueter, 
15-ft  long  cylinder  is  shown  in  Figure  7,  From  this  data,  it  is  apparent 
that  Saran  is  superior  to  the  other  materials. 

Reinforcement  can  be  provided  by  Fortisan,  Dacron,  or  nylon  fibers. 
Glass  fibers  are  too  brittle  for  use  in  most  flexible  designs  where 
maximum  packaging  is  required.  Tests  have  demonstrated  that  Fortisan* 
reinforced  Saran  provides  a  very  impermeable,  tough,  and  strong-pressure 
membrane.  A  demonstration  of  the  toughness  of  this  material  is  presented 
in  Figure  8.  Even  where  the  fibers  have  been  ruptured,  the  Saran  matrix 
still  forms  a  tough,  impermeable  film.  This  laminate  can  be  bonded  to 
the  flexible  foam  by  conventional  methods  with  a  Saran  resin  system.  The 
integrity  of  the  bond  is  demonstrated  In  Figure  9. 

C,  Meteoroid  Shield 

Hypervelocity  impacts  can  best  be  absorbed  by  a  series  of  non- 
connected  parallel  plates  where  the  outer  surface  acts  as  a  bumper, 
shattering  the  particle.  The  spate  between  the  bumper  and  the  next  plate 
allows  the  shock  wave  to  spread,  reducing  the  impact  force  of  the  parti¬ 
cles  on  tic  adjacent  plate.  If  the  impact  force  is  reduced  sufficiently, 
the  intermediate  plate  will  absorb  che  remaining  energy.  If  the  force  is 
sufficient  to  penetrate  the  intermediate  plate,  the  space  between  the 
,  intermediate  plate  and  inner  plate  will  allow  the  shock  wave  sufficient 
additional  expansion  to  further  reduce  the  force  and,  therefore,  prevent 
penetration  of  the  inner  plate.  This  system  is  adaptable  to  rigid 
construction,  but  presents  some  difficulty  in  flexible  construction. 

Since  a  core  is  of  an  absolute  necessity  in  this  expandable  concept, 
it  must  be  one  that  will  permit  the  penetrating  shock  wave  to  expand 
unrestricted,  otherwise  a  collimation  effect  could  be  created,  concentrat¬ 
ing  the  force  over  a  small  area.  The  polyurethane  foam  would  offer 
,,  limited  expansion  resistance  and  would  therefore  perform  similarly  to  a 
void.  Also,  the  multiple  cell  walls  of  the  foam  provide  some  energy 
absorption  for  microparticles. 

The  expandable  concept  shown  in  Figure  1  has  all  of  the  design 
features  required  of  a  good  bumper-type  meteoroid  shield.  The  thermal 
shield  would  act  as  a  bumper,  the  foam  analogous  to  a  void,  and  the  inner 
layer  as  the  major  energy  absorber. 

The  energy-absorbing  material  must  be  impact  resistant  and  flexible. 
Unimpregnated  glass  cloth  is  good  in  this  application  It  is  felt  that 
the  glass  cloth  on  a  flexible  base  of  foam  would  be  capable  of  not  only 
absorbing  energy  by  shattering,  bu*:  by  displacement  and  the  transition  of 
forces  98°  to  impact. 
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Through  Innar  Pressure  Membrane 


Figure  6.  Toughness  and  Durability  of  Narmco  568 


e  9.  Bond  Strength  Between  Shell  and  Foam 
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A  variety  of  sandwich  sections,  similar  to  Figure  l,  was  fabricated 
and  tested  in  the  General  Dynamics/Convair  Division  Shock  Tube  Facility. 
This  facility  is  capable  of  impacting  multiple  0,7-gm  steel  masses  at 
15,000  fps.  These  particles  were  approximately  0.013  in.  in  diameter.  A 
variety  of  sandwich  configurations  was  tested  in  this  environment.  The 
number  of  intermediate  layers  of  impact  absorbers  varied  from  one  to 
three  at  different  levels  throughout  the  sandwich.  Glass,  Dacron,  and 
nylon  cloths  were  all  considered  as  candidates  and  were  used  as  inter¬ 
mediate  layers  in  these  tests. 

For  the  size  particles  and  the  impact  velocities  used,  it  was 
determined  that  the  configuration  shown  in  Figure  10  was  the  most 
efficient  design  for  impact  absorption.  It  consisted  of  a  0.01-in.  thick 
aluminized  Mylar  outer  shell,  a  1-in.  thick  layer  of  1  lb/cu  ft  poly¬ 
urethane  foam,  1  layer  of  uni-^regnatcd  181  style  glass  cloth,  another 
1-in.  thick  layer  of  1  lb/cu  ft  polyurethane  foam,  and  a  0.05-in.  layer 
of  For tisan- reinforced  saran  cloth. 

The  particle  penetration  distribution  is  shown  in  Figure  10. 
Ninety-nine  percent  of  the  particles  panatrated  the  layer  of  Mylar, 
eighty-eight  percent  penetrated  the  first  layer  of  foam,  five  percent 
penetrated  the  glass  cloth,  jna  none  reached  the  surface  of  the  inner 
pressure  layer.  It  is  acknowledged  that  the  particle  velocities  in  these 
experiments  are  low  compared  to  actual  meteoroids.  However,  the  cap¬ 
ability  of  impact  absorption  is  shown  to  exist. 

D.  Toermal  Protection 


Thermal  controls  must  be  applied  to  this  construction  if  used  tor 
manned  cpscs  structures.  Since  the  major  heating  source  is  solar 
radiation,  a  high-emissivity  coating  is  desired.  One  approach  is  to 
provide  an  aluminized  outer  surface.  This  can  be  accomplished  by  utiliz¬ 
ing  aluminized  Mylar  or  Teflon  as  the  external  surface  of  the  sandwich. 

Experimental  studies  were  conducted  by  applying  quartz  lamp  radiation 
through  a  window  in  a  vacuum  chamber  on  an  instrumented  sandwich  sample 
as  shown  in  Figure  11.  A  thermocouple  simulating  a  grey  body  was  placed 
on  the  aluminized  surface.  Thermocouples  were  placed  internally  at  the 
Mylar-foam  Interface  and  at  the  foam-Fortisa"  Saran  interface. 

The  radiant  heat  was  'controlled  so  that  the  temperature  recorded 
from  the  surface  thermocouple  was  stabilized  at  400°F.  The  inner 
thermocouple  became  stabilized  approximately  2  minutes  after  the  surface 
thermocouple  was  stabilized.  The  temperature  behind  the  aluminized  Mylar 
outer  wall  was  stabilized  at  90®Faud  the  temperature  at  the  foam-Fortisan 
Saran  interface  was  stabilized  at  70®F.  While  the  spectral  distribution 
of  the  radiation  from  the  quartz  damp  is  centered  -t  much  longer  wave¬ 
lengths  than  that  of  the  sun,  this  test  gives  a  good  preliminary  demon¬ 
stration  of  the  effectiveness  of  the  aluminized  Mylar  for  passive  thermal 
control , 
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Figure  ii..  Tempers  lure  Profile  Across  MEG-A-WALL 


APPLICATIONS  OF  THE  ELASTIC  RECOV^Y  CONCEPT 


The  utilization  of  a  f lexible- type  expandable  material  for  primary 
structures  in  an  inhibited  space  station  is  doubtful  for  several  reasons, 
winch  are  as  follows: 

I..  The  ability  of  future  boosters  to  support  payloads  up  to  30  ft  in 
diameter 

2.  The  desire  to  have  manned  space  systems  assembled  and  checked  out 
prior  to  launch 

3.  The  psychological  effect  of  a  flexible  material  on  an  astronaut 

4.  The  lack  of  reliability  and  service-life  data 

However,  it  is  believed  that  expandable  structures  will  be  required  and  will 
find  use  where  large  volume  structures  will  be  needed.  Some  of  these 
applications  are  presented  ir,  the  following  discussions. 

A.  Interconnector 


Various  space  structures  will  require  interconnecting  chambers  which 
would  permit  personnel  to  move  freely  through  the  SysLem,  One  such 
system  where  an  interconneetor  is  applicable  is  the  proposed  manned 
orbiting  research  laboratory.  The  laboratory  and  booster  would  remain 
connected  for  zero  gravity  experiments.  For  artificial  gravity  experi¬ 
ments,  Che  booster  and  laboratory  would  be  disconnected  and  the  inter¬ 
connector  allowed  to  expand,  separating  the  two  unit?  as  shown  in 
Figure  12.  The  system  would  then  be  rotated,  with  the  interconnector 
providing  the  structural  tie.  The  booster  could  be  used  for  logistic 
scores  or  space  for  experiments.  Therefore,  it  would  be  desirable  to 
provide  an  interconnector  with  an  inhabitable  atmosphere  complete  with 
micrometeor ?id  protection,  A  preliminary  design  approach  for  an  elastic 
recovery  concept  is  -hown  m  Figure  12.  Aluminized  Mylar  and  foam  will 
provide  thermal  protection.  The  foam  ana  fiberglass  Will  pro"ide  micro¬ 
meteoroid  protection,  and  an  0. 02-m.  thick  pressure  membrane  of  direc¬ 
tional  Fortisan-reinforced  Saran  will  provide  support  for  an  internal 
atmosphere  of  5.1  Rotational  forces  will  be  removed  t/  lightweight 

Partisan  or  Dacron  fiber  cables.  A  typical  structure  would  weigh 
approximately  0.40  lb/sq  ft  of  surface.  A  19-ft  diameter,  103-fr  long 
interconneetor  could  be  packaged  in  a  10-ft  diameter,  b-ft  long  container. 

B.  Space  Hangar 

Exploration  and  utilization  of  deep  space  will  require  space  ports 
where  vehicles  launched  from  earth  can  be  refitted  and  launched  for 
continuance  of  their  mission.  It  would  be  preferable  if  work  on  these 
vehicles  could  be  conducted  in  an  inhabitable  atmosphere  such  as  2  space 
hangar,  as  illustrated  in  Figure  13.  A  typical  approach  to  the  construc¬ 
tion  of  such  a  hangar  is  presented  in  this  figure.  Multiple  layers  of 
foam  are  provided  for  the  additional  elastic  energy  required  for  s-ch  a 
large  structure.  Additional  raicrometeoroid  protection  is  prov.jed  c-  i-b« 
multiple  layers  of  glass  cloth..  Thermal  protection  is  provides,  as 
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previously  discussed.  A  5.  i-psi  internal  atmosphere  would  reauire  a 
O.ie-in,  thick  inner  membrane.  A  space  structure  150  ft  in  diameter  and 
75-ft  high,  as  shown,  would  weigh  approximately  1.70  Ib/sq  ft  of  surface 
area  and  could  be  packaged  into  a  volume  approximately  30  ft  in  diameter 
and  70-ft  long. 

C.  Escape  Capsule 

To  insure  personnel  safety  in  space  flight,  it  will  be  necessary  to 
develop  escape  capsules  or  "space  life  boats, *'  One  approach  is  that 
shown  in  figure  14.  An  8-ft  long,  4-ft  diameter  capsule  could  be 
fabricated  (as  shown)  which  would  provide  thermal  and  micrometeorold 
protection,  an  interna*  atmosphere  of  5.1  psi,  and  would  weigh  only  0,25 
ib/sq  ft  of  surface  area.  This  capsule  could  be  packaged  in  a  container 
3  ft  in  diameter  and  4-in,  thick.  The  capsule  could  be  equipped  with 
transmitting  equipment,  logistic  supplies,  and  even  limited  jet  controls 
ior  maneuverability.  The  unit  could  be  maintained  in  space  until  a 
rescue  rendezvous  could  be  initiated.  This  would  be  preferable  to 
proposed  concepts  in  which  a  man  is  foamed  in  a  space  package,  and 
reentered  into  the  earth's  atmosphere.  Also,  this  concept  could  be  used 
for  deep  space  probes. 

D.  Cryogenic  Storage  Tank 

Logistic  requirements  for  space  programs  will  require  that  cryogenic 
fuels  be  stored  at  intervals  throughout  space  mission  trajectories.  It 
would  be  desirable  to  provide  targe,  singular  containers  which  would  keep 
the  tank  surface  area  to  enclosed  volume  to  a  minimum.  Permissible  fuel 
losses  are  0. 32Z  per  day  for  liquid  hydrogen,  and  0.08Z  per  day  for 
liquid  oxygen.-  The  wall  construction  shown  in  Figure  15  will  limit  the 
heat  flow  rata  through  the  wall  to  less  than  IS  Btu/hr-ft^.  This  will 
limit  fuel  losses  to  less  than  the  minimum  permissible  rates  for  the 
JOO-ft  long,  60- ft  diameter  tank  shown  here. 

This  structure  incorporates  micrometeoroid  protection  and  for  a  wail 
weight  of  3.2  ib/sq  ft  permits  internal  pressures  up  to  30  psi.  This 
structure  could  be  packaged  *n  a  container  30  it  in  diameter  and  40-ft 
long  for  transportation  from  earth. 

E.  Antennas 


Communication  systems  in  space  travel  will  require  large  antennas. 
One  construction  approach  is  the  utilization  of  the  helical-wound 
elastomeric  tube  system  shown  in  Figure  16.  The  tubular  system  would 
provide  erection  and  stabilization.  The  antenna  surface  would  be  of 
some  metallic  membrane  such  as  aluminized  Mylar,  metal  screens,  or  ether 
reflective  surfaces.  A  300-ft  diameter  antenna  dish  could  be  constructed 
for  a  weight  of  0.15  lb/sq  ft.  This  unit  could  be  packaged  in  a 
container  20  ft  in  diameter  and  1-ft  thick  for  transportation  into  space. 
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Lunar  Shelters 


F.. 


Exploration  and  exploitation  of  other  planetary  bodies  will  require 
the  utili-ation  of  shelters  capable  of  providing  an  inhabitable  atmos¬ 
phere.-  A  preliminary  concept  for  a  lunar  shelter  utilizing  the  elastic 
recovery  concept  is  shown  in  Figure  17.  Multiple  layers  of  foam  and 
glass  cloth  are  provided  for  particle  penetration  and  thermal  protection. 
Elastomeric  honeycomb  i&  provided  for  additional  stiffness  against 
planetary  gravity.  A  structure  such  as  the  one  shown  could  be  con¬ 
structed  with  a  wall  weight  of  0.90  lb/sq  ft..  The  packaged  volume  of  an 
expanded  200-ft  long,  40-ft  wide,  and  20-ft  high  structure  would  be  that 
of  a  10-ft  diameter,  9-ft  thick  cylinder.  This  structure  would  not  only 
be  capable  ot  simple  space  transportation  but  could  also  be  collapsed 
and  erected  oa  the  planetary  surface  as  desired. 

C.  Flexible  Mats 


Transportation  on  planetary  surfaces  may  create  problems,  especially 
where  thick  layers  of  dust  are  present.  In  order  to  move  vehicles  across 
the  surface  or  to  erect  structures  on  the  surface,  a  firm  foundation  may 
be  required.  This  coulo  be  accomplished  by  the  use  of  a  mat  such  as  the 
one  shown  in  Figure  18. 

The  flexible  honeycomb  sandwiched  by  0.10-in.  thick  facings  of 
Fortisan-reinforced  Saran  could  support  400  tons/sq  ft  tor  a  structure 
weight  of  2.1  lb/sq  ft.  This  structure  could  be  roiled  up  and  collapsed 
into  a  very  small  volume,  transported  about  a  planetary  surface,  and 
used  where  required. 

It  is  believed  that  in  uo  ocher  cuust.ruci.iuii  concept  can  an  equivalent 
volume  to  packaged  volume  ratio  be  achieved  with  fail-safe  erection,  stabili¬ 
zation,  and  protection.  All  of  these  advantages  are  inherent  in  the  con¬ 
struction  with  no  auxiliary  devices  required. 

The  above  applications  are  presented  as  examples  where  the  elastic 
recovery  concept  can  be  used.  Multiple  other  applications  are  visualized. 
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Figure  18.  Flexible  Hats  for  Soft  Terre in 


VARIABLE  GEOMETRY  SPACE  STRUCTURES 


H.  L.  Sujata 

Northrop  Space  Laboratories 


INTRODUCTION 


Man,  in  his  conquest  and  exploration  of  space,  will  require  the  use  of 
structures  to  house,  protect,  and  deploy  various  systems  and  vehicles.  Each 
of  these  systems  will  employ  many  different  structures  to  perform  the  multi¬ 
tude  of  functions  necessary  tn  satisfy  the  mission  requirements. 

A  number  of  concepts  have  been  proposed  which  fit  into  the  general 
category  of  expandable  structures.  The  structures  can  he  further  categorized 
into  (1)  inflatables  or  (2)  rigid  systems  (Ref.  1),  The  inflatable  is  a 
balloon  type  which  is  intentionally  pressurized  to  expand  to  many  times  its 
initial  size.  The  rigid  expandable  structure  is  made  up  of  rigid  components 
compacted  into  a  small  package  which  can  be  rearranged  to  provide  a  greater 
surface  area  or  enclosed  volume.  Two  of  the  more  familiar  systems  utilizing 
this  concept  are  the  solar  panel  array  that  deploys  to  an  enlarged  surface 
and  the  telescoping  cylinder  that  provides  an  enlarged  contained  volume. 

A  system  used  in  the  space  environment  requires  special  design  features. 
For  example,  protection  from  damage  by  raicroraetcorolds  (Ref.  2)  is  frequently 
required  to  protect  against  puncture  and  deflation  of  a  pressurized  system. 
Even  in  instances  where  deflation  is  not  a  problem.  It  is  generally  necessary 
to  provide  some  micrometeoroid  protection  for  equipment  on  board  the  space¬ 
craft. 

Another  special  requirement  resulting  from  the  space  environment  is  the 
need  to  protect  the  spacecraft  payload  from  radiation  damage  by  solar  flares 
(Refs.- 3  and  A).  This  may  be  satisfied  by,  the  addition  of  shielding  taking 
the  form  of  solid,  rigid  material. 

Therefore,  it  appears  that  the  space  structure  which  houses  subsystems 
must  be  rigidizeu  and  have  a  finite  thickness  generally  governed  by  micro- 
meteoroid  or  solar  radiation  protection  requirements.  In  the  event  that  an 
inflatable  system  is  used,  it  oust  be  capable  of  rigidization  to  be  effective 
in  meeting  these  requirements  of  the  space  environment. 

There  are  spacecraft  which  require  structure  for  no  other  reason  than  to 
position  or  locate  components.  Such  is  the  case  of  an  arm  which  deploys  a 
solar  panel;  another,  the  antenna.  These  structures  do  not  require  pressure 
containment,  but  basically  provide  a  means  of  obtaining  orientation  or 
deployment.  The  applied  loads  on  these  components  will  be  very  small.  Never¬ 
theless,  the  requirement  for  compact  launch  volume  remains,  and  the  structures 
must  be  deployed  In  space. 
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The  study  reported  here  concentrated  on  the  variable  geometry  (VG)  con¬ 
cepts  which  Introduce  to  the  structural  engineer  a  new  set  of  arrays  that 
can  be  developed  to  form  a  broad  spectrum  of  structural  shapes  for  application 
In  space,  as  well  as  --  perhaps  --  for  terrestrial  use. 


VG  FRAME  STRUCTURES 


The  basic  structural  elements  of  the  VG  frame  structure  system  are  the 
arch  and  base  ring.  9y  attaching  arches  around  the  base  ring  and  providing 
the  means  of  hinging  and  actuation,  the  arches  can  be  rotated  and  made  to 
assume  the  debited  configuration.  The  arches  lie  essentially  in  one  plane  in 
the  cosf>rcssed  state;  in  the  deployed  state  the  arches  are  rotated  to  form  a 
three-dimensional  structural  framework. 

SINCLE-STATE  SYSTEMS 


Two  of  the  VG  frame  systems  a”e  shown  in  Figs.  1  and  2.  These  show  the 
single-stage  systems  in  a  compressed  and  a  completely  deployed  state. 

It  is  possible  to  identify  and  evaluate  a  number  of  parameters  associated 
with  this  system.  The  following  discussion  enphasizes  the  single-stage  frame¬ 
work  since  it  is  a  basic  unit  in  the  VG  structural  system.  Some  of  the 
parameters  of  influence  are  as  follows: 

1.  Variation  of  arch  shapes 

2.  Out-of-the-plane  arch  curvature 

3.  Degree  of  interlacing 
A.,  Manner  of  folding 

5.  Number  of  arches  disposed  about  the  base  ring 

6.  Geometric  variations  of  the  base  ring 

Variation  in  Arch  Shape 

Fig.  1  shows  the  triangular  arch  system,  and  Fig.  2  shows  the  semi¬ 
circular  arch  framework.  Other  shapes  like  the  trapezoid,  parabola,  ellipse 
or  optimized  geometries  for  specialized  applications  may  also  be  used.  The 
trapezoidal  arch  system  appears  to  be  the  most  attractive  for  general  usage 
since  it  can  provide  an  essentially  constant  cross-section  along  the  axial 
length  of  the  deployed  structure, 

Out-of -the-Plane  Arch  Curvature 


The  arches  can  be  made  such  that  they  have  curvature  out  of  their  plane. 
This  results  in  a  framework,  in  a  deployed  state,  which  would  possess  . 
curvature  and  could  have  application  in  those  cases  where  a  dome-like  frame¬ 
work  is  desired.  On  the  other  hand,  the  compressed  package  volume  would  be 
larger  than  the  planar  frame  network. 


-  536  - 


FIGURE  t  TRIANGULAR  ARCH  SINGLE  STAGE  VG  STRUCTURE 


Degree  of  Interlacing 


The  structures  shown  In  Figs,  l  and  2  have  a  single  degree  of  interlace, 
(Single  degree  of  interlace  refers  to  the  condition  of  one  contact  point  -« 
exclusive  of  the  hinge  --  between  adjacent  arches. )  The  interlaced  geometry 
has  two  major  advantages  over  the  system  where  nc  interlace  is  present: 

(1)  the  resulting  framework  is  a  more  stable  configuration;  and  (2)  the 
actuation  techniques  are  greatly  simplified  because  of  interaction  effects. 

it  is  possible  to  obtain  greater  interlacing  by  increasing  the  number  of 
sides  of  the  base  ring  polygon,  the  nunber  of  arches,  and  by  varying  the  hinge 
location.  Qualitatively,  however,  it  appears  that  the  single  interlace 
provides  enough  stability  to  enhance  the  structural  characteristics  and  mini- 
mite  the  actuation  requirements. 

Manner  of  Folding 

Figs.  1  and  2  show  that  the  arches  lie  outside  of  the  base  ring  in  a 
coiqpressed  state;  this  case  is  referred  to  as  the  "outward  fold"  arch  system. 
It  is  possible  to  have  the  arches  fold  inside  of  the  base  ring,  and  this  case 
is  referred  to  as  the  "inward  fold." 

The  Inward  fold  has  an  advantage  of  having  all  of  the  members,  in  a  com¬ 
pressed  state,  lie  within  the  base  ring.  It  has  the  disadvantage  in  that  the 
arches  have  definite  limitations  on  their  height.  The  arch  height  has  to  be 
less  than  the  radius  of  the  base  ring  or  complete  flattening  within  the  base 
ring  will  not  occur. 

Humber  of  Arches 


It  was  noted  above,  in  the  paragraph  discussing  interlacing,  that  the 
mudier  of  arches  disposed  about  the  ring  will  influence  this  parameter, 
Another  aspect  of  the  number  of  frames  is  that  it  will  influence  the  strength 
of  the  framework  system.  Therefore,  if  the  applied  load  requirements  are 
such  that  a  heavy  structure  is  necessary,  then  additional  strength  can  be 
provided  by  adding  more  frames. 

Base  Rina  Geometric  Variations 

The  base  ring  provides  a  means  of  geometry  variation,  but  not  to  a  sig¬ 
nificant  extent.  It  appears  possible  t.i  design  the  base  ring  so  that  the 
restraint  of  the  hinges  will  be  minimized. 

MULTIPLE  -  STAGE  SYSTEMS 


Miltlple-stage  VG  structures  ere  formed  by  combining  single-stage  struc¬ 
tures  into  one  system.  A  two -stage  structure  may  be  formed  by  attaching  two 
single-stage  structures  at  their  vertex  planes.  Fig.  3  shows  such  a  two- 
stage  trapezoidal  arch  system  that  is  coapressed  and  then  deployed,  it  is 
also  possible  to  form  a  two-stage  system  by  attaching  arches  to  both  sides  oi 
the  base  ring. 
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The  multiple-stage  feature  of  the  VG  structure  makes  it  adaptable  to 
modular  type  construction.  Variations  in  the  structure  can  be  readily  ac- 
eorenodated  by  using  different  arch  configurations,  vr  uy  vaiying  the  extent 
of  deployment.  This  feature  will  permit  variations  in  volume,  surface 
area,  or  interior  xrape  as  might  be  d>  sirable, 

'he  <  t  't  ot  variation  possible  in  modular  VG  structures  can  be  readily 
'•sen  In  Fi,s.  4  and  5.  Fig.  4  shows  a  triangular  arch  multiple-stage  system 
various  s'  ages  of  deployment.  The  structure,  completely  compressed,  is 
st. own  in  the  ..>ft-h0.  *  corner.  Two  states  of  deployment  are  shown  also  in 
th.s  figure. 

Fig.  5  ■-•hows  a  variation  of  the  VG  frame  structure  where  a  tt a  „s  is 
lor.std.  F.g.  5a  J  -•*  the  initial  package  m  a  conyr-issed  state;  Fig,  Sb,  at 
partial  t*  ?p  'oyment e‘'d  Fig,  5c  shuws  it  cnnpletely  'J—  'oyed*  Detailed  ex- 
amin/tion  show.  tt  u  the  niches  are  essentially  triangular,  inward-f  olding 
w-*’-  i .  -  I  »  it,*  i  cciug.  Tile  curvature  to  the  system  is  provided  by  varying 
t‘ .  hi  i  (  tit  of  the  arches  that  are  attach,  J  to  each  base  ring  such  that  the 

"'aiu  i  <  i  tex  plane)  forms  an  angtr  with  the  olane  of  the  base  ring. 
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FRAME  AND  FAN  El  STRUCTURES 


'.he  arches  - f  the  VC  tf.tme  structure  can  Incorporate  panels  to  provide  a 
•  »•"•••  VO’  s >'t i  1  e  i_t.-uctir.-il  system.  The  marriage  o;  panels  and  frame  arches  can 
ta's<  ;)1  -  in  s.. serai  diilerent  ways,  that  is:  the  panels  can  be  inserted 
wi-h:n  e  •  ven  lr«uae;  ot  ,  the  panels  may  be  a  separate  system  hut  actuated  to 
a  i  . :  i  •  deployi  i  state  by  means  of  the  frames. 

tig;,.  6a  ,-ni'  t>b  show  two  configurations  which  use  the  panel  and  frame 
v-teit,  Fig.  Ua  -hows  the  panel  inside  the  rectangular  frames.  Interlaced 
wi.!  t  i, .  „-e  rectangular  tVaiaes  is  a  grouping  of  triangular  frames  which  provide 
a  “X  ai’s  of  actuation  and  deployment.  It  is  not  possible  to  use  interlaced 
pane  1 -t  illed  ft  untie  only  and  provide  for  actuation  by  interlacing  the  frames 
beci  ’sc  of  inte.--'--'.ence  between  the  panels  and  the  frames;  the  secondary 
triangular  fray",  a-e,  therefore,  provided. 

Fig  6t  .Rwi  i  framework  system  which  is  used  to  deploy  a  continuous 
surface  ar>-a.  In  l*:t„  case,  the  triangular  voids  between  the  rectangular 
panels  ai  •  'ilea  with  auxiliary  panels  providing  surface  continuity  in  the 
opened  state . 

While  only  single  stage  systems  are  shown  it  is  possible  to  connect  the 
frames  to  each  »  'her  as  **.is  discussed  for  the  multiple  stage  framework  and  de¬ 
velop  m  enlarged  structural  system.  As  much  design  flexibility  is  possible 
with  this  syste*  as  is  possible  with  frame  networks. 
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TRIANGULAR  ARCH -TWO  STAGE  VC  FRAMEWORK 


FIGURE  5  TORUS  FORMED  BT  MULTIPLE  STAGE  VG  STRUCTURE 
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ENCLOSURE  TECHNIQUES 


The  VC  structure  provides  a  f  raise  work  system  which  is  not  capable  of  com* 
plete  enclosure  or  pressure  containment  by  itself.  There  are  many  instances 
■.■here  containment  is  necessary,  and  investigations  were  performed  to  establish 
the  feasibility  and  limitations  of  integrating  the  framework  and  pressure 
containment  system.  The  following  discussion  will  enphasize  the  enclosure  of 
the  structure. 

LONGITUDINALLY  ORIENTED  CONVOLUTES 


Longitudinally  oriented  convolutes,  (bellows)  could  be  attached  directly 
tr  the  arches,  as  well  as  to  the  supporting  ring.  The  depth  of  the  convolutes 
at  the  ring  would  be  zero  (fixed  diameter  ring),  and  increase  gradually  to  a 
maximum  at  the  arch  vertex  plane.  Thus,  the  nvolute  skin  could  be  made  to 
expand  radially  as  well  as  axially  and  cor  lorn,  to  the  over-all  framework  con¬ 
figuration  as  it  opens  and  closes  from  disc  to  cone  to  cylinder  and  back 
again.  The  convolute  skins  could  be  made  in  two  or  more  layers  and  provide 
effective  micromcteoroid  shielding,  incorporated  self-sealing  techniques,  and 
provide  pressurization  capability. 

SEALS 


The  panel  frame  system.  Fig.  6,  have  a  means  of  providing  micrometeoroid 
protection  over  nearly  all  of  the  surface.  Techniques  whereby  the  joints  can 
be  protected  also  appear  feasible;  however,  the  joints  constitute  a  rather 
large  length  which  may  require  sealing  in  certain  instances.  A  few  of  the 
possible  methods  of  achieving  this  sealing  were  investigated. 

Strip  and  Inflatable  Seals 

All  hinged  seams  can  be  sealed  internally  with  adhesive  materials  such 
as  RTV  90  silicons  or  room- tenper ature  vulcanizing  butyl  rubber,  employed  to 
join  the  sealant  to  an  inner  neoprene  surface.  The  effects  of  absorption  of 
ultraviolet  radiation  may  require  the  application  of  thin  protective  metallic 
coating  to  the  sealant,  such  as  aluminum,  to  minimize  degradation  of  the 
polymetric  sealants. 

Ir.  a  panel  configuration  the  self -sealing  materials  can  be  shielded  from 
the  relatively  low-level  radiation  anticipated  for  an  orbit  below  500  miles 
(with  the  exception  of  unpredictable  solar  flares)  by  the  outer  sandwich 
structure.  The  variable  of  importance  in  this  design  is  the  temperature  of 
the  self-sealing  composite  materials.  This  can  he  accommodated  by  appropriate 
external  thermal  control  coatings. 

Continuous  Bladder  Seals 


A  more  positive  method  of  scaling  the  entire  system  is  to  inflate  a 
pressure-tight  bag,  inside  or  outside  of  the  structure,  after  it  has  been 
deployed  and,  thus,  eliminate  the  possibility  of  leakage  at  seal  intersections 
or  overlaps.  One  possible  design  would  be  a  bag  fabricated  with  expansion 
convolutions  and  bonded  to  the  inner  walls  of  the  VG  panel-frame  structure. 


T'u  1»  wet  hod  will  require  rub- strips  over  rough  surfaces  and  the  use  of  corner- 
filling  materials  In  deep  recesses  for  bag  protection,  but  a  positive  seal  is 
assured  even  under  such  adverse  conditions  as  docking  operations,  coupling, 
and  thermal  expansion  and  coni; notion. 

CONCLUSIONS 


The  investigations  have  primarily  emphasized  the  cenceptua,  aspects  of 
the  VG  structure.  Within  this  limited  investigation  it  was  found  that  a 
large  number  of  different  structural  geometries  are  possible,  and  it  appears 
that  the  concept  can  be  iaplemented  to  form  full  scale  structural  systems. 

The  limited  scope  of  the  study  has  not  permitted  the  detailed  examination, 
design  and  fabrication  of  more  exact  models  or  full-scale  systems.  The  next 
logical  step  is  the  implementation  of  the  concept  by  an  engineering  study 
ultimately  providing  hardware.  This  will  point  up  the  uncertainties  and 
problems  associated  with  this  system. 

The  integration  of  the  rigid  £r sac-work  VC  structure  with  the  inflatable 
structure  offers  an  approach  whereby  rigidity  can  be  developed  in  the  system 
and  internal  pressurization  can  be  maintained  for  life  support. 
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TELESCOPING  PRESSURIZED  STRUCTURES  AND  SEALS 


By  W.  Bondaruk,  D.  G.  Younger,  and  N.  E.  Quack enbush 


INTRODUCTION 

The  primary  advantage  gained  by  the  use  of  the  expandable  structure 
concept  for  manned  spacecraft  application  is  simply  the  fact  that  large 
structures  or  elements  of  structure  can  be  packaged  into  compact  volume  for 
boost  from  earth.  A  number  of  schemes  have  been  proposed  for  increasing  the 
volume  or  shape  of  the  structure,  once  it  is  carried  into  orbit.  These  may 
include  methods  for  unfolding  panels,  telescoping,  or  pure  inflation  of 
structural  components1. 

The  achievement  of  high  reliability  in  the  deployment  of  an  expandable 
spacecraft  structure  is,  of  course,  desirable,  and  this  can  best  be  obtained 
by  utilizing  simple  methods  of  expansion  and  sealing.  In  addition,  a  method 
of  deployment  free  from  complexity  should  also  provide  easier  control  of  re* 
collapse  of  the  structure.  Ease  of  re-collapse  would  be  a  desirable  feature 
from  the  standpoint  of  gathering  all  available  material  around  the  crew  mem¬ 
bers  during  solar  flares  or  meteoroid  storms.  Figure  1  shows  an  expor.dable 
spacecraft  configuration  that  can  operate  as  an  induced  gravity  vehicle  (ro¬ 
tating  space  station).  The  configuration  displays  the  telescoping  concept. 
For  this  vehicle,  the  long  expandable  booms  provide  both  the  structural  con¬ 
tinuity  and/or  the  lengthy  passageways  to  the  outer  acdules.  The  configura¬ 
tion  resembles  that  of  a  rotating  dumbbell  when  fully  deployed.  As  shown, 
the  spacecraft  consists  of  a  rigid  hub  and  laboratory  modules,  which, are  also 
expandable,  located  at  the  opposite  extremities  of  the  configuration  . 

The  deplovment  of  the  space  station  thus  described  can  best  be  performed 
through  pneumatic  erection.  That  is,  the  environmental  air  required  within 
the  station  can  be  introduced  from  gas  containers  Ly  means  of  a  regulated 
system  to  provide  controlled  expansion.  Although  the  study  to  be  described 
herein  Is  primarily  that  of  seal  concepts,  a  brief  discussion  of  a  self¬ 
regulating  pneumatic  system  is  Included  in  the  Appendix. 
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PIOUBE  1 ,  EXPANDABLE  STRUCTURE  CONCEPT  FOR  ARTIFICIAL  GRAVITY  SPACE  STATION 


ADVANCED  TELESCOPING  DESIGN  CONCEPTS 


In  a  study  of  telescoping  structures  having  hermetic  integrity,  four 
telescoping  concepts  were  advanced  which  incorporated  relatively  elementary 
sliding  movements  adaptable  to  the  mating  sections  of  rigid  construction. 

In  each  design,  Teflon  rollers  have  been  included  at  the  sectior  terminals  to 
insure  both  a  smooth,  low-resistance  telescoping  motion  and  a  medium  for  trans¬ 
mitting  bending  moments  that  may  develop  during  extension.  At  full  deploy¬ 
ment,  each  of  these  designs  embraces  a  means  for  transmitting  mechanical  loads. 

Design  Concept  Number  I,  shown  in  Figure  2,  reveals  a  scheme  in  which 
bending  moments  are  transferred  through  the  rollers  at  the  extremities  of 
each  cylindrical  section.  Axial  compressive  loads  are  resisted  by  several 
adjustable  locking  brackets  positioned  manually,  as  shown,  around  the  inner 
periphery  of  the  Joint.  Tensile  loads  acting  through  the  joint  are  trans¬ 
mitted  through  the  deformed  O-rings,  the  guided  spacer  sleeve,  and  the  ter¬ 
minal  roller  brackets  of  each  wall  section.  During  deployment,  leakage  is 
held  to  a  minimum  by  two  O-rings  rolling  in  the  angular  space  between  the 
telescoping  sections.  At  full  deploymeut,  a  static  seal  is  developed  by  the 
deformed  O-ring"  compressed  into  place. 

Design  Concept  Number  2,  presented  in  Figure  3,  transmits  bending  mo¬ 
ments  and  tensile  loads  through  the  medium  of  mated  tapered  surfaces.  Com¬ 
pressive  loads  are  resisted  by  manually  positioned  bolts  that  hold  the  tapered 
surfaces  in  place.  During  extension  of  the  cylindrical  sections,  a  positive 
seal  is  accomplished  by  a  flexible  membrane  attached  between  the  sections  as 
shown.  The  flexible  membrane  feeds  along  between  the  cylinders  during  the 
extension.  At  full  deployment,  the  membrane  is  assisted  in  making  the  static 
seals  by  two  O-rings  integrally  positioned  between  the  mated  tapered  surfaces. 

Design  Concept  Number  3  utilizes  a  Belleville  spring  to  rlgidize  the 
joint  and  transmit  bending  loads  after  full  extension.  This  concept  is  shewn 
in  Figure  4.  Tensile  loads  are  transferred  through  the  combination  of  the 
collapsed  bellows,  the  springs,  the  spacer  rings,  and  the  rigid  stops  at  the 
section  terminals.  A  medium  for  handling  compressive  loads  is  not  indicated 
in  the  figure;  however,  an  automatic  toggle  locking  feature  could  be  employed. 
The  positive  seal  during  and  after  deployment  is  provided  by  the  welded  dia¬ 
phragm  bellows  mounted  between  t ue  sections. 

Design  Concept  Number  4  is  shown  in  Figure  5.  The  concept  employs  a  set 
of  cylindrical  metal  sleeves  and  coated  fabric  diaphragms  bonded  between  the 
sleeves.  The  bending  moments  in  this  joint  are  transmitted  by  rollers  mounted 
at  the  section  extremities.  Tensile  loads  are  transferred  through  the  thicker 
metal  sleeve  that  is  mounted  so  as  to  intercept  the  approaching  ring-roller 
assembly  of  the  adjacent  cylindrical  section.  The  coated  fabric  performs  as 
a  rolling  diaphragm  between  the  metal  sleeves  and  seals  the  telescoping  sec¬ 
tions  during  deployment.  After  full  extension,  a  more  positive  seal  is  at¬ 
tained  by  the  flexible  seal  placed  along  the  line  of  contact  of  the  thicker 
metal  sleeves  and  the  ring-roller  assembly. 
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FIGURE  4.  DESIGN  CONCEPT  NO.  3,  UTILIZING  BELLEVILLE  SPRING  AND  BELLOWS 


Design  Concept  fhnuber  4  was  selected  for  development  and  demonstration. 
This  concept  appears  to  have  the  Inherent  advantage  that  it  requires  little 
or  no  force  to  extend  or  collapse  the  configuration.  Thus,  the  scheme  should 
display  negligible  resistance  to  the  movement  of  the  mating  sections.  Further¬ 
more,  the  metal-aleeve  rolling  diaphragm  can  be  easily  contained  and  protected 
within  the  small  annular  space  between  the  mating  telescoping  sections. 


MATFaUALS  INVESTIGATION  FOR  FLEXIBLE  DIAPHRAGMS  AND  SEALS 

The  prime  materials  consideration  for  the  flexible  diaphragm  was  a  fabric 
impregnated  with  an  elastomer.  A  number  of  synthetic  textile  fibers  were  stud¬ 
ied;'  however,  on  the  basis  of  strength  and  comnercial  availability,  considera¬ 
tion  was  limited  to  utilization  of  Dacron,  glass  fibers.  Nylon,  and  Fortisan, 

Further  screening  of  these  textile  materials  as  to  how  they  are  affected  by 
atmospheric  conditions  limited  the  choice  of  fabrics.  Moisture  has  an  appre¬ 
ciable  effect  on  Nylon  and  fortisan,  since  they  lose  10  percent  and  15  percent, 

respectively,  of  their  dry  strength.  On  the  other  hand.  Dacron  and  glass  fi¬ 

bers  are  not  significantly  affected,  for  this  application,  by  moisture 
conditions. 

The  elastomers  considered  as  candidates  for  impregnating  these  fabrics 
were  silicones  and  fluorinated  polymers^.  These  elastomers  were  selected 
primarily  because  of  their  low  temperature  properties  and  low  surface  friction 
characteristics. 

As  a  result  of  these  material  considerations,  four  flexible  membranes 
were  investigated  as  seals  between  the  concentric  aluminum  sections  o£  the 
simulated  space  vehicle.  These  flexible  membranes  were  obtained  from 
Minnesota  Mining  and  Manufacturing  Company  and  are  as  follows: 

(1)  SRGA-0208,  a  3.7-ounce  glass  fabric  impregnate.:  .ith  a 
silicone  elastomer  and  aluminum  vapor  coated  on  one  side.. 

(2)  An  experimental  3.1-ounce  (Type  116)  glass  cloth  impreg¬ 
nated  with  Teflon  and  aluminum  vapor  coated  on  one  side. 

(3)  FG-11,  a  3.7-ounce  glass  cloth  impregnated  with  a  fluor¬ 
inated  elastomer  (Fluorel), 

(A)  FD-8,  a  3.2-ounce  Dacron  fabric  impregnated  with  Fluorel. 

The  first  flexible  membrane  investigated  (¥-950)  was  not  satisfactory, 
because  the  glass  fabric  could  not  withstand  repeated  180-degree  bending 
and  sliding  over  itself.  Leaks  developed  through  the  silicone  elastomer, 
and  the  vapor  deposited  aluminum  film  developed  voids  from  the  abrasive 
action  of  the  film  against  itself.  In  addition,  no  successful  void-free 
adheilve  system  w->s  found  for  bonding  silicone  to  aluminum  (fabric  to  metal 
ring).  The  usual  RTV  silicones  did  not  cure  when  in  contact  with  the  coated 
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fabric,  and  further  tasting  on  ntl  pr  types  of  adhesive  was  not  considered 
worthwhile,  because  othei  physical  properties  of  the  preimpregnated  fabric 
were  not  acceptable. 

The  second  and  third  flexible  membranes ,  consisting  of  Teflon  and  Fluorei 
impregnated  glass  cloth,  had  the  same  major  difficulties  found  in  the  silicone 
glass  fabric.  Principally,  the  glass  fabric  failed  during  the  repeated 
180-degree  bending  and  movement  over  itself. 

Predominant  effort  in  the  materials  investigation  was  centered  on  the 
fourth  item--namely ,  the  Dacron  fabric  impregnated  with  Fluorei  (FD-8). 

Taole  1  shows  the  physical  properties  of  this  flexible  material, 

FD-8  had  good  continuity  under  repeated  flexing  and  abrasion;  however, 
it  was  difficult  to  make  and  maintain  a  gas-tight  seal  between  the  aluminum 
sections.  The  cyanoacrytate ,  Eastman  910,  with  the  Budd  activator  was  found 
to  be  an  excellent  adhesive  system,  but  it  did  not  possess  the  desired  flex¬ 
ibility  and  had  a  tendency  to  pull  the  Fluorei  coating  from  the  fabric  under 
the  peel  loads  encountered.  Bonding  restraining  tabs  of  a  lightweight  Dacron 
fabric,  to  carry  the  load  between  sections,  reduced  this  problem  to  a  minimum. 

The  developed  procedure  for  bonding  the  Dacron  fabric  impregnated  with 
Fluorei  rubber  was  as  follows: 

(1)  Strips  of  FD-8  were  cut,  and  a  small  wedge  was  trimmed 
from  each  end  to  obtain  a  slight  tapered  effect.  This 
was  required  to  compensate  for  the  decrease  in  diameter 
of  each  successive  aluminum  ring. 

(2)  The  bands  of  FD-8  were  bonded  to  the  aluminum  rings, 
using  Eastman  910  and  Budd  GA-1A.  The  ends  of  the  FD-8 
Strips  were  bonded  together  with  Fairprene  cement  5199  (a  two- 
part  fluorinated  elastomer  cement)  in  making  an  overlap  joint 
of  FD-8. 

(3)  The  Dacron  fabric  restraining  tabs  were  bonded  with  EC— 1357 
(neoprene  cement), 

(4)  The  bond  between  the  FD-8  and  aluminum  rings  was  sealed 
with  ED-2174  (nitrile  phenolic  cement), 

(5)  The  bond  or  joint  was  checked  by  pressurizing  the  tel¬ 
escoping  structure  and  brushing  soap  solution  around  the 
openings  between  the  rings. 
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TABLE  1 


PHYSICAL  PROPERTIES  OF  DACRON 
IMPREGNATED  WITH  A  FLUORINATED  ELASTOMER  (FLUOREL) 


Federal 


Specification 

CCC-T-191B 


Property  Method  Number 

FP-8* 

Base  fabric 

Dacron 

Base  fabric  weight  (oz/sq  yd) 

5041 

3.2 

Base  fabric  thickness 

0.0065-inch 

Coated  fabric  weight  (oz/sq  yd) 

5041 

8.0  +  0.5 

Coated  fabric  thickness 

0.009  +  0.001-inch 

Tensile  strength  (lb) 

5100 

Warp: 

200 

Fill: 

180 

Tear  strength  (lb) 

5134 

Warp: 

12 

Fill: 

10 

Bursting  strength  (Ib/sq  in.) 

5122 

340 

Crease  resistance 

10-pound  roller,  no 

cracking 

Stiffness  (bending  moment ,  in-lb) 

5202 

Warp: 

0.006f0 

Fill: 

0.00360 

Abrasion  resistance 

5306 

CS-17  wheels,  500  gra  weights 


Taber  wear  Index: 


wt  loss  (mg)  x  1000 
100  cycles 

Coating  adhesion  (lb/in.  width)  5970 
Hlgh-temperature  stability 


150 

15 

100  hours  at  400°F,  no  change 
in  physical  properties 


Low-temperature  flexibility  MIL-C-20696 
(2  hr  exposure,  no  cracking) 


-100°F 


Weather  resistance  l->?ar  outdoor  exposure  in 

industrial  atmosphere,  no 
change  in  physical  properties 

Fungus  resistance  MIL-I-7444B  No  growth 


Permeability  (fl  oz/sq  ft/24  hr)  AS1M-D-814-55  0,15 


Flame  resistance 


5902  flaming 

time  (sec)  Slightly  flamaable 


*  All  values  shown  are  average  and  obtained  from  Minnesota  Mining  and 
Manufacturing  Company  Bulletin  F3, 


THE  DEVELOPED  TELESCOPING  CONCEPT 


An  exploded  and  assembled  view  of  the  demonstration  configuration  is 
shown  in  Figure  6.  As  can  be  seen,  the  developed  telescoping  model  consists 
of  the  following  items: 

(1)  Inner  and  outer  cylindrical  section,  with  dome  closures 
welded  at  the  closed  ends.  The  test-bed  cylinders  and 
domes  are  fabricated  from  6051-T6  aluminum  alloy  selected 
primarily  for  ease  of  forming  and  weldability. 

(2)  An  aluminum  ring  and  Teflon  roller  assembly  is  shown 
attached  to  the  mating  open  ends  of  each  cylinder.  The 
ring  and  roller  assembly  serves  to  impart  alignment  and 
smooth  movement  to  the  mating  cylinders.  The  ring  of 
the  inner  cylinder  is  mechanically  attached  to  the  outer 
surface  of  the  cylinder,  while  the  ring  of  the  outer  cyl¬ 
inder  is  similarity  attached  to  the  inner  surface  of  the 
cylinder.  The  rollers  on  each  ring  bear  respectively 
against  the  other  cylinder . 

(3)  A  set  of  concentric  aluminum-alloy  6G61-T6  sleeves  are 
located  in  the  annular  space  between  the  mating  cylinders. 

The  seal  is  accomplished  by  a  series  of  costed  fabric 
diaphragms  located  among  the  concentric  sleeves.  'Aw 
outer  and  inner  sleeves  of  the  seal  concept  are  attached, 
respectively,  against  the  outer  and  inner  cylinders  and 
are  attached  in  place  by  the  ring  attachment. 

The  positioning  of  the  concentric  metal  sleeves  and  the  flexible  rolling 
diaphragm  are  shown  in  the  email  cutaway  view  at  the  lower  right-hand  corner 
of  Figure  6.  Here  the  telescopic  cylinders  are  fully  deployed.  The  inner 
and  outer  sleeves,  which  are  longer  chan  the  intermediate  sleeves,  are  shown 
in  black  to  emphasize  their  position  between  the  rings  and  cylinders.  All 
sleeves  are  0.04-inch  thick,  except  the  outer  sleeve  which  is  0.125-inch 
thick.  The  thicker  sleeve  is  located  so  that  it  Intercepts  the  approaching 
ring  of  the  inner  cylinder  and  also  functions  as  a  mechanical  stop  restrict¬ 
ing  further  movement.  When  this  seal  concept  Is  subjected  to  a  differential 
pressure  of  15  pal,  the  concentric  sleeves  receive  a  net  pressure  loading 
that  la  external,  and  structural  instability  (buckling)  considerations  dic¬ 
tate  at  least  a  0.04-inch  sheet  thickness  for  the  sleeves.  After  the  tele¬ 
scopic  cylinders  are  completely  deployed  and  fully  pressurized,  the  metal 
sleeves  anl  rolling  fabric  diaphragm  are  packed  concentrically  into  the  small 
remaining  annular  space,  as  shown  in  the  cutaway  view  at  the  lower  right. 
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FIGURE  U.  DEMONSTRATION  SPECIMEN  SHOWING  SEAL  CONCEPT  FOR  TELECOPING  CYLINDERS 


The  developed  components  of  the  demonstration  model  are  shewn  in  Figure  7 
The  seal  concept,  reduced  to  practice,  is  shown  in  the  center  being  held  i<- 
the  extended  position.  The  dimensions  in  detail  and  the  materials  utilized 
in  developing  this  seal  concept  are  given  in  Table  2.  Basically,  the  fabri¬ 
cated  seal  consists  of  seven  metal  sleeves  and  six  coated-fabric  rolling  dia¬ 
phragms  weighing  a  total  of  15,56  pounds.  All  metal-to-metal  fits  between 
sleeves,  rings,  and  cylinders  were  held  to  close  tolerance,  and  light  tapping 
with  a  rubber  mallet  was  sufficient  to  assemble  these  parts.  To  further  in¬ 
sure  sealing,  washer-type  seals  were  utilized  underneath  each  of  the  Phillips- 
head  screws  attaching  the  seal  and  roller  assembly  to  the  inner  and  outer 
cyl  mders. 


TESTING  SETUP 

The  developed  configuration,  assembled  and  instrumented  prior  to  pres¬ 
surization,  is  shown  in  the  vertical  position  in  Figure  8,  contracted  position 
and  in  Figure  9,  extended  position.  The  upright  position  was  utilized  in  all 
the  tests.  The  testing  was  accomplished  as  follows: 

(1)  Air  pressure  was  introduced  through  an  inlet  provided 
at  the  lower  extremity  of  the  specimen,  and  this  in¬ 
let  pressure  was  monitored  with  a  Gunkle  pressure  gage, 
as  shown  in  the  figure, 

(2)  Pressures  developed  within  the  configuration  were  pre¬ 
cisely  recorded  by  means  of  a  Statham  pressure  transducer 
sensing  static  pressure  through  a  fitting  inserted  at  the 
uppermost  extremity  of  the  moving  cylinder. 

(3)  Outputs  from  the  transducer  were  recorded  by  a  Sanborn 
Model  397  direct-write  oscillograph  used  In  conjunction 
with  an  Ovenc  Laboratories  amplifier  (and  bridge  control 
panel)  with  power  supply. 

(4)  Vertical  displacement  of  the  inner  cylinder  was  sensed 
by  a  cord  attached  (as  shown)  to  the  moving  cylinder, 
which  rotated  a  Borg  linear  potentiometer . 

(5)  The  output  of  the  potentiometer  was  then  recorded  on  a 
second  channel  of  the  oscillograph. 


TESTS  AMD  RESULTS 


Using  the  test  setup  described  above,  the  following  series  of  tests  were 
conducted: 


(1)  Determination  of  the  frictional  characteristics  of 
the  model 

(2)  Evaluation  of  integrity  to  pressure  forces 

(3)  Evaluation  of  leakage  rate  associated  with  the 
developed  seal 


DISASSEMBLED  1EST  FIXTURE  AND  COATED-FABBIC 


TABLE  2 


MATERIAL  DETAILS  AMD  DIMENSIONS  OF  SEAL  CONCEPT 


Item 

Dimensions 

(Inches!  and/or 

Material 

METAL  SLEEVES 

Inside  Dia. 

itaaiii 

Thickness 

a)  Outer 

19.250 

8.250 

0.125 

b)  Inner 

18.000 

8.000 

0.040 

c)  Five  intermediate 

18.215 

6.000 

0.040 

18.420 

6.000 

0.040 

18.625 

6.000 

0.040 

18.830 

6.000 

0.040 

19.035 

6.000 

0.040 

6061*16  Aluminum  alloy,  fusion  welded 


2.  COATED  FABRIC 

3.2*02  Dacron  fabric  coated  with  a 
cured  black  Fluorel*  elastomer 
(3M,  FD-8) 

a)  Weight 

8 .0-oz/sq  yd  (coated  fabric) 

b)  Thickness 

0.009  in.,  (coated  fabric) 

c)  Tensile  strength 

200  lb/ in.  (warp)  -  180  lb/in,  (fill) 

i.  ADHESIVE 

Eastman  910  (cyanoacrylate)  to  bond 
coated  fabric  to  aluminum 

4.  ACCELERATOR 

Budd  GA-LA  surface  activator  to  pro¬ 
mote  the  polymerization  of  Eastman 

910 

5.;  CEMENTS 

a)  Fabric  overlap  bond 

DuPont  Fairprene  cement  5159;  a  two 
part,  Vi ton  (fluro-elastomer)  base, 
solvent  cement  used  to  make  overlap 
bonds  between  the  segments  of  coated 
fabric 

b)  Fillet  seal 

3M,  EC-2174  nitrile-phenolic .  solvent 
cement  used  to  fillet  seal  tu-  bended 
edges  between  the  coated  fabric  FD-8 
and  aluminum 

c)  Cloth  bonding 

3M,  EC-1357  neoprene  contact  cement 
used  to  bond  Dacron  supporting  tabs 

6.  CLOTH 

Dacron,  0.005- Inch  thick,  fine-weave 

Fluorel  is  a  f luor lasted  polymer  with  high  r«tperature  and  high  chemical 
resisfint  properties. 
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Determination  of  Frictional  Characteristics 


The  first  series  of  tests  vss  performed  to  determine  the  frictional 
characteristics  of  the  developed  model.  The  friction  tests  Involved  extend¬ 
ing  and  contracting  the  cylinders  approximately  20  cycles.  Measurements  were 
made  of  the  internal  pressure  and  Increment  of  expansion  during  the  extension 
half  and  contracting  half  of  the  cycle.  Mo  significant  differences  existed 
between  data  recorded  for  each  of  the  pressure  cycles.  The  relationship  found 
to  exist  between  pressure  and  cylinder  extension  during  each  of  the  telescoping 
cycles  is  presenced  graphically  in  Figure  10. 

Obtaining  the  data  began  by  first  slowly  pressurising  the  collapsed  con¬ 
figuration.  As  the  curves  show,  the  cylinder  extension  did  not  initiate  until 
the  internal  pressure  reached  a  level  of  0.53  psig.  This  is  the  pressure  re¬ 
quired  to  overcome  (1)  the  initial  friction  in  the  system,  (2)  the  weight  of 
the  moving  cylinder  (105.70  pounds) ,  (3)  the  weight  of  the  transducer  and  fit¬ 
tings  (15.46  pounds),  and  (4)  the  weight  of  the  seal  assembly  (15.56  pounds). 

A  slow  rise  in  pressure  was  required  to  attain  continuing  deployment  until 
an  extension  of  about  3.5  inches  was  reached  at  a  pressure  of  0.55  psig.  Then, 
throughout  the  remaining  portion  of  the  deployment,  this  pressure  level  was 
maintained  at  approximately  a  steady  plateau,  except  for  the  last  inch  of  ex¬ 
tension  when  a  slight  rise  in  pressure  was  required.  Three  distinct  drops 
along  the  extension  cycle  indicated  momentary  drops  in  friction.  These  peri¬ 
odic  drops  in  friction  were  not  evident,  however,  in  recordings  of  deployment 
versus  time,  as  shown  in  Figure  11.  This  figure  also  shows  that  two  different 
ates  of  extension  and  contraction  were  employed;  however,  neither  of  the 
cime  rates  affected  the  data  displayed  in  these  graphs. 

At  the  completion  of  deployment,  the  pressure  was  increased  momentarily 
to  5.0  psig  and  then  permitted  to  drop  slowly  by  slightly  opening  the  inlet 
air  line  to  ambient  pressure.  The  inner  cylinder  remained  fully  extended 
until  the  pressure  decreased  to  approximately  0.50  psig,  and  at  this  pressure 
level  the  inner  cylinder  began  to  collapse  slowly  st  essentially  constant 
pressure.  The  constant  pressure  plateau  during  contraction  was  due  tc  the 
combi "ad  weight  of  the  descending  inner  cylinder  and  attached  components. 

During  the  descent,  six  distinct  dips  in  the  pressure  recording  were  observed, 
as  shown  in  Figure  10.  These  dips  are  considered  as  indication  of  regions 
of  increased  friction  drag  in  the  seal.  It  is  evident  that  these  periodic 
increases  in  friction  «r«*  tbo  »-egule  of  the  seal  movement,  as  each  metal 
sleeve  and  the  attarned  rolling  fabric  imparted  its  relative  movement  to  the 
adjacent  sleeve.  Again,  these  regions  of  increased  friction  did  not  display 
any  effect  on  the  tests  of  contraction  versus  time,  as  shown  in  Figure  XI. 

The  frictional  force  inherent  in  the  seal  concept  can  be  determined  from 
the  data  presented  in  Figure  10,  The  determination  con  be  made  from  the  dif¬ 
ference  between  the  force  required  to  extend  the  cylinder  (0.55  psig)  and  the 
iift-roff  pressure  required  (0.505  psig).  The  pressure  difference  is  found 
to  be  0,045  psig.  Since  the  effective  piston  area  of  the  inner  cylinder  is 
about  276  square  inches,  the  above  pressure  difference  caused  by  friction 
results  in  a  total  force  required  of  12.4  pounds.  In  terms  of  force  per 
peripheral  inch  of  seal,  the  friction  force  is  equal  to  12.4  .  Calculated, 
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FIGURE  10.  INTERNAL  PRESSURE  REQUIREMENTS  FOR  THE  ROLLING  DIAPHRAGM  SEAL  CONCEPT 
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this  equals  0.21  pounds  per  inch.  The  diameter  (18.75  inches)  utilized  in  this 
calculation  is  the  mean  diameter  ot  the  seal  configuration.  Thus,  the  inherent 
friction  ,n  the  teal  model  developed  in  the  program  is  very  low,  and  in  the 
weightless  environment  the  only  force  required  to  extend  the  telescoping  sec¬ 
tions  employing  this  seal  would  be  that  necessary  to  overcome  the  friction 
force  per  lineal  inch  of  0.21  inch.  In  a  similar  manner,  the  frictional  force 
that  must  be  exceeded  during  contraction  is  computed  to  be  0.12  pound  per 
peripheral  inch  of  seal  except  during  the  last  two  inches  before  complete 
closure.  Ac  this  point,  the  friction  force  lises  to  0,23  pound  per  inch. 

Evaluation  of  Integrity  to  Pressure  Forces 

For  these  tests,  the  static  seal  which  ordinarily  provides  the  seal  after 
full  extension  (see  Figure  6)  was  purposely  eliminated.;  Thus,  the  coated  fab¬ 
ric',  rolling-diaphragm  seal  was  subjected  to  the  full  pressure  loading.  The 
telescoping  model  was  fully  extended  under  internal  pressure,  and  the  pressure 
level  was  raised  co  8.0  psig.  Gross  leakage  checks  were  made,  but  no  adverse 
leakage  was  detected.  Next,  the  internal  pressure  was  increased  to  15.0  psig, 
and  again  no  adverse  leakage  was  noted.  The  increased  pressurization  from  8  to 
15  psig  appaiently  had  no  appreciable  effect  on  the  integrity  of  the  fabric- 
metal  bonded  loi'its. 

Evaluation  ot  Leakage  Rate  Associated  with  the  Developed  Seal 

Tliis  series  of  tests  was  performed  to  evaluate  the  leakage  rate  associated 
with  the  overall  seal  concept..  Again  during  these  tests  the  static  seal  which 
provides  the  seal  after  full  extension  was  not  used,  so  that  the  coated-f abric 
rolling  diaphragm  seal  was  exposed  to  the  full  pressure  loading.  The  tele¬ 
scoping  configuration  was  fully  deployed  under  internal  pressure,  and  the 
pressure  level  was  increased  to  8.0  psig.  At  this  point  the  leak-rate  (or 
permeabi lity)  test  was  conducted.  This  Lest  consisted  of  closing  the  inlet 
air  source  and  recording  the  internal  pressure  level  retained  within  the  model 
as  a  function  of  time.  The  recorded  data  are  shown  in  Figure  12.  As  can  be 
seen  by  the  curve  faired  through  the  data,  approximately  200  minutes  elapsed 
before  the  pressure  dropped  to  one-half  the  initial  level.  The  permeability 
test  was  fui ther  continued  by  increasing  the  internal  pressure  to  15.0  psig, 
and  (!•»■  leak  rate  test  was  repeated.  The  data  at  this  level  of  pressurization 
are  also  shown  in  Figure  12.  As  can  be  seen,  the  effective  permeability  of  the 
seal  remained  essentially  unchangeu. 


-  567  - 


PRESSURE  AT  TIME. 
INITIAL  PRESSURE 


H 


i _ i _ i - - - 1 _ i _ i _ i . . . -  -i 

0  50  100  150  200  250  300  350 

LAPSED  TIME,  T,  MINUTES 


R01627 


FIGURE  12.  PRESSURE -TIME  RELATIONSHIP  FOR  ROLLING  DIAPHRAGM 
SEAL  CONCEPT 
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APPENDIX 


VARIABLE  PRESSURE  PNEUMATIC  SYSTEM 

Ry  Pr  n.  Herat 

Senior  Engineering  Specialist 
Pbilco  Corporation,  Palo  Alto,  California 


The  following  is  a  description  of  a  variable  pressure  system  for 
pneumatic  erection  of  telescoping  structures. 

PRINCIPLE  OF  OPERATION 

The  pneumatic  system  is  shown  schematically  in  Figure  13..  The  gas 
container  is  sealed  by  means  of  two  redundant  squib  valves.  When  an 
electric  signal  actuates  t.ie  valves,  gas  discharges  through  a  reduction 
orifice  into  the  volixne  inside  the  boom.  The  reduced  gas  pressure  acti¬ 
vates  the  release  mechanism  and  extends  the  structure.  The  system  is 
self  regulating  in  that  it  provides  sufficient  pressure  during  extension 
and  provides  considerable  increased  pressure  in  case  of  unexpected  jamming.. 

CAS  CONTAINER 

The  relationship  between  the  length  of  the  boom  and  the  required 
volume  of  the  gas  container  is  given  in  Figure  14.  The  diagram  was  calcu¬ 
lated  assiuing  adiabatic  expansion  of  the  gas  into  a  telescoping  boom  of 
5  feet  diameter.  The  parameter  P1/P2  is  the  ratio  between  the  initial 
pressure  in  the  gas  container  and  the  numinal  pressure  needed  to  extend 
the  structure.  From  the  diagram,  we  find  that  for  erecting  1  telescoping 
boon  100  feet  long  (5  feet  diameter),  using  a  conservative  pressure  ratio 
ot  I,OOC,  the  required  volume  of  the  gas  container  is  14.05  cubic  feet. 

The  corresponding  dimension  of  a  equilateral  cuoe  is  2.4  feet.  The  re¬ 
quired  volume  is  even  smaller  for  higher  pressure  ratios. 

The  final  choice  of  the  pressure  ratio  will  depend  upon:  (1)  pressure 
P2,  which  l?  the  sum  of  the  experimentally  determined  nominal  pressure 
required  for  extending  the  telescoping  boom  and  a  safety  margin;  and  (2) 
initial  pressure  that  determines  weight  of  the  gas  container .- 

SQUIB  VALVES  AND  REDUCTION  VALVE 

Actuation  of  a  highly  reliable  squib  valve  starts  an  automatic  sequence 
ot  events  of  structure  deployment. 
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FIGURE  13.  SCHEMATIC  OF  THE  VARIABLE  PRESSURE  PNEUMATIC  SYSTEM 
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DIMEKS ION  OF  EQUILATERAL  CUBIC  (FEET) 


The  function  of  the  reduction  valve  la  to  control  automatically  the 
pressure  within  the  structure.  It  provides: 

(1)  High  initial  pressure  necessary  to  overcome  initial 
static  friction.. 

(2)  low  pressure  during  deployment. 

(3)  Increased  pressure  in  case  of  any  unexpected  jasNing. 

(4)  Increased  pressure  at  the  end  of  the  extension  to 
eliminate  any  tendency  of  structural  rebound. 

When  the  squib  valves  open,  pressure  in  the  initially  open  portion  of 
the  boom  rises  to  a  level  which  is  higher  than  the  pressure  necessary  for 
extending  the  boom..  Pressure  drop  in  the  reduction  valve  is  small  due  to 
the  small  initial  gas  flow.  The  impact  produced  by  the  initial  pressure 
pulse  assures  the  separation.  This  is  an  important  feature  since  static 
friction  may  be  considerably  higher  than  kinetic  friction. 

The  pressures  in  the  gas  container  and  in  the  boom  versus  extended 
length  of  boom  are  shown  in  Figure  15.  After  the  initial  impact,  which 
was  discussed  above,  the  boom  starts  to  extend  and  the  g  •  flow  through 
the  valve  increases.  Due  to  the  increased  gas  flow  and  pressure  drop  in 
the  reduction  valve,  the  pressure  in  the  boom  drops  to  a  level  which  is 
below  that  which  is  necessary  for  extending  the  tube.  Consequently,  the 
extension  of  the  boom  slows  down  and  the  air  flow  (and,  the  corresponding 
pressure  drop)  diminish.  This,  in  turn,  causes  an  increase  in  pressure, 
and  the  boom  starts  again  extending.  If  the  throttling  is  not  excessively 
high,  the  resulting  start-and-atop  motion  becomes  a  smooth  motion. 

An  additional  advantage  of  throttling  is  that  the  pressure  in  the  boom 
is  maintained  at  as  low  a  level  as  Is  possible  throughout  the  extension 
exercise.;  The  associated  unbalanced  force,  which  may  cause  a  deviation 
from  the  intended  direction  of  the  boom,  therefore,  is  smallest.  The 
optimum  amount  of  throttling  will  have  to  be  established  experimentally. 
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FIGURE  15.  PRESSURE  IN  GAS  CONTAINER  AND  IN  BOOM  VS-  LENGTH 

THROTTLE  REDUCES  PRESSURE  IN  BOOH  BELOW 
MINIMUM  PRESSURE  REQUIRED  FOR  EXTENSION. 
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SUMMARY  AND  CONCLUSIONS 


1.  Four  telescoping  concepts  were  advanced  which  incorporate  relatively 
elementary  siloing  movements  adaptable  to  the  mating  sections  of 
rigid  construction. 

2.  One  of  these  concepts  was  reduced  to  practice.  This  concept  utilized 
a  set  of  cylindrical  metal  sleeves  and  a  coated-fabric  diaphragm 
bellows.  The  coated-fabric  diaphragm  performed  as  a  rolling  seal  be¬ 
tween  the  metal  sleeves.  A  series  of  friction  tests  on  the  seal  indi¬ 
cated  that  the  Inherent  friction  in  the  system  was  very  low. 

3.  Evaluation  of  seal  integrity  to  pressure  forces  indicated  no  adverse 
leakage.  This  test  was  conducted  at  internal  pressures  of  up  to  IS 
psig,  with  results  showing  no  measurable  effect  on  the  integrity  of 
Che  fabric-metal  bonded  joints. 

4.  Evaluation  of  leakage  rate  associated  with  the  demonstrated  seal 
showed  that  approximately  200  minutes  elapsed  before  the  pressure 
dropped  to  one-half  the  initial  level.  The  leakage  test  performed 
on  the  seal  represented  conditions  that  are  much  more  severe  than 
these  that  would  actually  exist  in  applications.  That  is,  a  static 
seal  would  ordinarily  be  employed  at  full  extension;  therefore, 
leakage  as  measured  here  would  only  occur  during  deployment. 

5.  The  merits  of  the  overall  seal  concept  from  the  viewpoints  of  both 
mechanical  movement  and  pressure  Integrity  can  be  considered  to  be 
very  good. 

6.  A  materials  Investigation  was  conducted  for  obtaining  a  flexible 
diaphragm,  proper  bonding,  and  sealing.  The  materials  that  were 
found  satisfactory  consisted  of  a  Dacron  imprecated  with  a  flu»r- 
inated  elastomer  and  cement  bases  of  fluorinated  polymers,  neoprene, 
and  nitrile  phenolic.. 
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DESIGN  AND  FABRICATION  OF 
INFLATABLE  AND  HIGIDI2ABLE  PASSIVE 
COMMON  ICATICN  SATHLUTES 
(ECHO  I  AND  ECHO  II) 
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Even  today,  with  rockets  available  to  carry  heavy  payloads  into  orbit, 
the  thought  of  a  100-foot  diameter  orbiting  sphere  stimulates  the  imagina¬ 
tion  of  scientists  and  laymen  alike.  At  the  inception  of  the  Echo  X 
progria  Sputnik  I  was  a  constant  headline  in  all  newspapers.  Rocket 
payloads  were  limited  to  vehicles  like  the  Vanguard,  and  this  limitation 
gave  added  impetus  to  the  field  of  inflatables  or  erectables  for  space.; 

The  field  has  been  growing  ever  since. 

Objectives  of  the  Echo  I  satellite  were  many: 

1.  Demonstrate  that  a  large  inflatable  device  could  be  errected  in 
space 

2.  Establish  the  feasibility  cf  using  a  large  reflective  sphere  In 
space  for  radio  propagation 

3. -  Measure  radiation  and  solar  pressure  effects  on  orbit  perturbation 

h.  Measure  the  density  at  orbit  altitude 

5.  Obtain  some  idea  of  the  life  of  plastic  materials  in  space. 

0n«  objective,  of  course,  was  political.  At  a  time  when  the  U.  S. 

Space  aecompl tnhments  appeared  to  be  lagging  Russia  by  many  years,  we  could 
give  the  world  a  satellite  that  everyone  could  see  -  a  new  star  in  the  heavens. 


DESIGN  CONSIDERATIONS 

In  the  design  of  the  Echo  I  satellite,  size  was  limited  by  the  rocket 
CThor-Delta)  payload  capability  of  approximately  200  pounds  in  a  1,000- 
mile  orbit.  This  payload  weight  included  the  inflatable  sphere,  inflation 
material ,  canister,  and  separation  gear. 
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ITEM 


WEIGHT  (POPWDS) 


Sphere 

120 

Inflation  Powder 

30 

Canister 

40 

Separation 

10 

Total 

200 

One- half  mil  metal ixed  Mylar  was  chosen  for  the  sphere  material  because 
it  possessed  the  best  balance  of  properties  giving  the  largest  possible 
reflector  for  the  weight.  Characteristics  of  this  materiel  include: 

1.  Availability  -  comoerc jail y  available  from  (hi  font  in  the  thicknesses 
required. 

2 .  Strength  to  We.'  ;ht  -  Density  of  1.39  and  a  tensile  of  20,000  pel. 

3.  FI  ex  lb  11  if  -  will  withstand  the  Flexing  and  folding  required  in 
packing  ar  deployment  in  apace  without  dsaag; 

4.  Bond ab  11  _/  -  sealed  with  <JT*-301  to  give  seel  strengths  «-7»41  to 
tiie  pan  t  material  under  the  temperature,  radiation,  and  ultra 
high  v.cuum  environment  of  space. 

5.  Rada-  deflective  -  The  vapor  deposit  of  2,500  angstroms  of  aluminas 
give.*  a  surface  which  will  reflect  between  95 

tite  3P  energy.  (Equivalent  to  ^pnulsydft  pounds  of  aluelnum 
•«  the  surface  of  a  100-foot  disaster  sphere). 


6.  T.  Set  jaldahl  Company  Trademark  Registered  0,  S.  Patent  Off  lea 
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6.  Radiation  Resistance  -  The  material  was  required  tc  waintsin  its 
physical  properties  for  a  sufficient  length  of  tine  to  satisfy 
the  requirements  of  the  Echo  experiment. 

7.  Thermal  Balance  -  The  tesparature  of  the  sphere  when  exposed 
to  solar  radiation  must  be  sufficiently  high  to  vaporise  the 
inflating  powders  yet  not  exceed  the  limitations  of  the 
beacon  or  plastic. 

S.  Creep  -  Extremely  low.  Any  creeping  In  the  plastic  will 
result  in  shape  changes  and  breaking  of  the  continuity  of 
the  reflecting  surface. 

In  the  early  stages  development.  0.25 -mil  metallised  Mylar  was  used; 
however,  through  static  inflation  tests  (Figure  1)  and  vacuum  tank  tests 
of  rapid  deployment  from  various  shaped  canisters,  it  was  established  that 
0.5-mil  Mylar  would  be  required  to  give  adequate  reliability.  The  Echo  1 
Sate  1  loon*  was  fabricated  of  78  gores  bonded  together  with  e  1-inch  wide 
spliced  plate  of  0.5-mil  Mylar  beaded  with  GT-301  thermal  setting  adhesive 
system.  These  seams  terminated  in  a  36-inch  diameter  polar  cap  at  the 
top  and  bottom  of  the  sphere.  The  cap  was  made  of  1-mil  metallised  Mylar 
In  order  to  carry  the  stresses  transmitted  to  the  polar  cap  area  by  the  tape 
seams.  The  design  arovided  a  structure  which  could  he  stressed  to  between 
15,000  and  18,000  psi  at  room  teaperaturm,  12,000  psi  at  -70  C,  and  5,000 
pal  at  a  temperature  of  100  C.  Two  refer- thin  beacon  transmitters  powered 
oj  -ola*  oalla  were  located  180  degrees  apart  on  the  sphere  surface. 


*  0.  T.  Schjeldahl  Company  Trademark  Registered  0.  S.  Office 
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During  fabrication,  10  pounds  of  benzole  acid  and  20  pounds  of 
anthraqulnone  subliming  powders  (which  change  to  a  gas  In  the  near  vacuum 
of  space)  were  dusted  on  the  Inside  of  the  surface  of  the  deflated  sphere. 

The  sphere  was  then  accordion  folded  and  placed  Inside  the  26.5-lnch 
diameter  magnesium  container  (see  Figures  2  and  3).  About  two  minutes 
after  the  payload  was  ejected  into  orbit  the  magnesium  container  was 
separated  by  an  explosive  charge.  This  1  inear-shaped  charge  served  to  cut 
the  stays  holding  the  canister  halves  together  and  at  the  same  time  separated 
the  canister  halves  at  a  velocity  of  40  fps*  .  The  10  pounds  of  benxoic 
acid  then  expanded  to  Inflate  the  Echo  Into  a  spherical  shape  In  a  matter  of 
seconds.  The  theoretical  skin  stress  developed  by  the  benxoic  acid  is  100 
psi.  The  anthraqulnone  having  a  higher  vapor  pressure  la  used  to  provide 
a  progressive  sustaining  Inflation  material. 

Extensive  vacuum  tank  tests  and  vertical  ballistic  rocket  shots  were 
used  to  qualify  the  balloon  payload.  In  the  Initial  phases  of  development, 
water  contained  In  small  plastic  bladders  and  ejected  through  a  controlled 
orifice  was  used  to  inflate  the  spheres.  The  first  test  of  a  100-foot 
diameter  sphere  using  water  Inflation  was  not  successful,  mid  the  sphere 
burst  Into  many  fragments.  By  launching  these  balloons  east  Into  the  moving 
sunrise  and  using  an  Indicator  dye  within  the  sphere  it  was  possible  to  observe 
from  the  ground  whether  or  not  the  balloons  burst. 

Cs.. later  tests  In  the  40-foot  vacuum  chamber  at  NASA  Langley  has  demonstrated 
that  this  velocity  Is  sufficient  to  move  the  canister  helves  away  from  the 
rapidly  inflating  sphere. 
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In  the  second  test  It  was  decided  to  employ  a  leas  volatile  inflation 
material,  i.e.-  benzoic  acid,  and  a  pressure  within  the  balloon  container  of 
140  millimeters  of  mercury.  It  was  felt  that  this  lower  pressure  would 
slow  down  the  Initial  deployment  resulting  from  the  entrapped  air  and  the 
subsequent  inflation  from  the  less  volatile  subliming  material.  Although 
this  sphere  did  not  show  the  explosive  characteristics  of  the  first  test,  it 
too  ruptured  into  several  pieces.  A  third  test  was  then  scheduled  reducing 
the  pressure  Inside  the  canister  to  50  millimeters  of  mercury.  This  showed 
further  Improvement  over  the  second  test  with  only  one  rupture  expelling 
some  of  the  red  dye.  I"  the  fourth  and  fifth  tests  the  pressure  Inside 
the  balloon  canister  was  reduced  to  4.5  millimeters  of  mercury  prior  to 
launch.-  Both  of  these  tests  were  successful  with  no  signs  of  balloon 
bursting  or  red  dye  in  the  vicinity  of  the  inflated  balloon.  With  these 
two  successes  the  design  was  frozen  and  work  proceeded  on  the  orbital 
launch  cf  Echo  X. 

At  the  time  Echo  I  was  placed  Into  orbit.  It  was  calculated,  that  It 
would  stay  spherical  for  approximately  two  weeks.  This  was  based  on  pre- 
orbit  calculations  placing  the  satellite  in  continuous  sunlight  for  a  two 
week  period  and  the  fact  that  micrometeorite  punctures  would  eventually 
release  the  subliming  materials. 
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Based  on  available  data,  It  appears  that  the  Echo  satellite  performed 
as  predicted  giving  a  fairly  uniform,  spherical  shape  for  at  least  two 
weeks.  Radio  and  television  signals  have  been  bounced  from  the  Echo 
satellite,  thus  demonstrating  Its  feasibility  for  communications.  The 
success  of  Echo  X  has  gone  far  beyond  the  most  optimistic  expectation. 
Today,  more  than  three  years  after  its  ejection  into  orbit,  it  is  still 
serving  as  a  research  tool  for  communication  and  space  scientists.  The 
quality  of  the  signals  being  received  from  Echo,  however,  have  gone  through 
a  considerable  change,  indicating  that  the  sphere  has  changed  its  shape 
or  possibly  become  wrinkled.  Its  appearance  from  the  ground  appears 
unchanged  from  that  observed  when  it  was  first  placed  into  orbit. 

Echo  X  was  not  designed  to  be  rigid  enough  to  withstand  the  deforming 
forces  of  space,  e.g.  a  solar  pressure  of  1.3  x  10~9  psi.  Changes  in  shape 
were,  therefore,  expected. 

KCPQ  IX 

As  a  result  of  the  success  of  Echo  I,  NASA  undertook  the  development 
of  a  more  permanent  type  satellite,  one  which  would  be  rigid  enough  to 
maintain  its  shape  when  exposed  to  space  environment.  The  goal,  as  In  the 
case  of  Echo  X,  was  to  build  os  large  a  sphere  as  possible  within  the 
weight  limitations  of  the  vehicle,  in  this  case  the  Thor-Agena  B.  Basic 
material  requirements  for  the  Echo  IX  Satelloon  were  the  same  as  Echo  I 
with  the  exception  of  the  ability  to  be  rigltUxed  in  space. 
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Several  approaches  for  accomplishing  the  rigidlzation  of  Echo  II 
were  considered.  These  included  such  concepts  as  mechanical  stressing 
of  a  metal -plastic  lasinate,  chemical  cross  linking,  electrostatic 
repulsion,  and  plasticiser  evaporation  from  a  rigid  plastic  film.  Although 
the  chemical  and  volatile  plasticiser  concepts  yielded  some  materials  with 
interesting  properties,  the  simplicity,  reliability,  and  lightweight  of  the 
mechanical  approached  to  rigid isat ion  resulted  in  the  choice  of  an  aluminum- 
plastic  laminate  for  the  Echo  II  satellite. 

Through  an  extensive  materials  design  and  development  program,  a  seven- 
layer  material  0.75-mil  thick  and  weighing 36  gm'sq.  yd.waa  manufactured  in 
a  54- inch  width  to  meet  the  requirements  of  the  Echo  II  program  (see  Figure  4). 
This  material  la  basically  a  lamination  of  0. 00018-inch  thick  aluminum  foil 
on  both  sides  of  0.00035-inch  thick  Mylar.  In  order  to  control  the  inflation 
material  (pyrasole)  and  keep  the  temperature  of  the  sphere  within  that  Which 
the  acquisition  beacons  would  operate,  it  is  necessary  to  thermal  balance 
treat  the  inside  and  outside  surface  of  this  material.  Alodine  401-45*, 
a  chemical-conversion  coating  for  aluminum,  is  used  on  the  outside  surface 
to  change  the  ratio  of  solar  absorptence  to  emlttance  from  6.5  to  1.7., 

The  Inside  surface  of  the  sphere  is  coated  with  a  carbon  black  to  increase 
the  heat  transfer  from  one  side  of  the  sphere  thereby  helping  to  control 
the  temperature  gradients  and  reduce  hot  spots. 


*  American  Chaeical  Trademark  Registered  0.  S.  Patent  Office 
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the  Echo  II  sphere  will  be  rigidiaed  by  stressing  the  dead  soft  aluminum 
foil  by  means  of  an  Internal  pressure  provided  by  38  pounds  of  pyrazole 
subliming  compound  packed  In  the  sphere.  When  the  folds  in  the  material 
have  been  removed  by  the  pressurising  of  the  sphere  the  high  modulus  of 
elasticity  of  the  aluminum  foil  will  resist  the  deforming  loads  so  that 
the  structure  will  retain  Its  spherical  shape  without  internal  pressure.. 

The  Echo  II  sphere  is  computed  to  have  a  rigidity  of  50  times  that  of  Echo  I. 

The  Echo  II  sphere  Is  135-feet  in  diameter,  having  a  cross-sectional 
area  of  two  times  that  of  Echo  I.  It  is  fabricated  in  approximately  the 
same  manner  as  Echo  I,  with  106  tailored  gores  approximately  48  Inches  wide 
sealed  together  with  a  1-inch  wide  splice  plate  of  the  same  material  as 
used  In  the  balloon  gore  (see  Figure  5).  The  adhesive  system  Is  GT-301 
thermo-setting  system  developing  a  seam  strength  equal  to  the  material 
strength  over  a  t' -nperatvre  range  from  -200  to  150  C.  These  seams  are 
further  tested  by  flexing  and  folding  or  cycling  between  liquid  nitrogen 
and  boiling  water.  The  end  caps  of  the  sphere  and  the  radio  beacon  installa¬ 
tion  areas  (180  degrees  apsrt  on  the  equator  of  the  sphere)  are  reinforced 
to  carry  the  added  material  load  (see  Figure  6).  One-hundred  and  sixty 
air  orifice  holes  1/64- Inch  In  diameter  are  placed  in  the  top  and  bottom 
layers  of  the  folded  balloon  to  permit  removal  of  air,  moisture,  and 
volatile  Impurities  from  the  Inside  of  the  sphere  during  canister  pump  down. 
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Figure  5 


Flgta*  t>,  Trmauitt#!*  and  Solrr  MtttUv 


-590  - 


Figure  7  show 3  s  balloon  etui  canister  being  placed  in  the  vacuus  chamber 
prior  to  evacuation.  The  sphere  canister  halves  are  separated  by  1/S-ineh 
during  the  evacuation.  After  a  40-hour  soak  art;  a  pressure  of  200  microns 
the  canister  halves  are  closed  and  sealed  by  means  of  electrical  wrenches 
operated  from  outside  the  vacuus  chaaber.  The  total  weight  of  the  Echo  II 
balloon  system  is  broken  down  as  follows: 


ITEM  WEIGHT  (POUNDS) 

Balloon  Weight 

469 

Subl imination  Material 

38 

Thermal  Balance  Coatings 

33 

Beacons 

12.6 

Canister 

70 

Total  System  Weight 

622.6 

THERMAL  BALANCE 

The  thermal  balance  coatings  on  Echo  II  was  a  significant  development 
and  merits  further  discussion  here.  The  thermal  balance  on  Echo  I  was 
achieved  through  the  high  reflectivity  of  the  vapor  deposited  aluminum  on 
the  outside  of  the  3phere  and  the  high  emlssivity  in  the  infrared  of  the 
Mylar  on  the  inside  of  the  sphere.  Echo  I  was  calculated  to  be  110  to  134  C, 
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If  che  aluminum  foil  used  on  Echo  II  is  left  untreated,  the  average  tempera¬ 
ture  has  hee«  calculated  to  be  in  the  range  of  181  to  210  C*. 

The  temperature  control  of  the  Echo  II  satellite  was  very  important  for 
proper  operation  of  the  subl imination  material  in  deploying  and  rigidixing 
the  sphere,  and  in  operation  of  the  acquisition  beacons  which  would  not 
function  properly  above  60  C. 

A  number  at  materials  were  investigated  to  reduce  the  temperature  of  the 
sphere;  however,  in  most  cases  their  weight  was  equal  to  or  greater  than  the 
basic  material  Itself.  Most  inorganic  compounds  associated  with  inks  and 
paints  are  adversely  affected  by  extended  exposure  to  ultra-violet  end 
ionising  radiation  and  It  was  therefore  decided  tc  focus  Investigation  on 
areas  of  Inorganic  thermal  coatings  having  a  greater  stabll  ity.  Hie  results 
of  this  study  was  a  commercially  available  material  called  Alodine  401-45 
which  offered  the  greatest  change  in  ratio  for  a  minimum  of  weight. 

This  coating  is  used  commercially  as  a  primer  for  painting  aluminum  or 
for  corrosion  resistance  of  ai Hainan .  Clemmons  and  Camp  of  NASA  have 
determined  the  change  tn*£  ratio  as  a  function  of  the  surface  density  or 
coating  weight  for  Alodine  401-45  (see  Figure  8) .  From  this  study  it  was 


determined  that  an  ratio  of  1.7  results  in  an  average  temperature  of 
about  55  C  on  the  satellite. 


*  Clemmons,  Dewey  L. ,  Jr.,  and  Camp,  John  D., "Amorphous  Phosphate  Coating 
for  Thermal  Control  of  Echo  II  .V  Paper  presented  at  the  Multi-hover  Systems 
Symposium  of  the  Electro-Chemical  Society  Meeting,  Los  Angeles,  California, 
May  6,  1962. 
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FIG.  8  VARIATION  OF  <U/€  RATIO  WITH  SURFACE  DENSITY. 


The  variation  of  solar  sbiorptanc*  and  the  amlttence  for  Alodlne 
401-45  as  a  function  of  surface  density  la  shown  In  Figure  9.  The  solar 
•bsorptance  remains  essentially  constant  from  SO  through  300  milligrams 
per  square  foot,  whereas  the  amittence  varies  almost  linearly  with  thickness. 

The  finding  of  a  suitable  thermal  balance  coating  was  only  part  of  the 
problem  Involved  In  thermal  balance  treating  of  Echo  XI.  There  was  no 
known  method  for  applying  Alodlne  to  a  54- Inch  web  thousands  of  feet 
long  and  maintaining  a  tolerance  of  +  3  milligrams  per  square  foot.  The 
Schjeldahl  Company,  with  experience  In  the  plastic  machinery,  1  mine t Ion 
machinery  and  printing  machinery  manufacturing  fields,  undertook  for 
NASA  the  design  and  construction  of  equipment  to  handle  this  tssk, 

(see  Figure  10).  Although  the  yields  from  this  process  were  far  from 
commercial  standards,  material  for  the  manufacture  of  Echo  XI  satellites 
with  an  Alodlne  coating  tolerance  of  ♦  3  milligrams  per  square  foot  was 
achieved. 

TESTING 

Aa  in  the  caae  of  Echo  X,  extensive  vacuum  chamber  and  ballistic  tra¬ 
jectory  tests  were  required  in  order  to  qualify  the  payload  system.  Figure  11 
shews  one  of  the  first  Echo  XX  satellites  Inflated  la  the  hanger  at  tfeeks- 
ville,  North  Carolina.  This  satellite  ruptured  at  a  akin  stress  equivalent 
to  18,000  psi  on  the  aluminum.  This  was  considered  an  adequate  safety  factor 
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FIG.  9-  OPTICAL  PROPERTIES  OF  ALODJNE  . 


STATIC  INFLATION  TEST  ECHO  II 


eons iduring  that  3,000  psi  skin  stress  would  be  required  to  remove  the 
fold  memory  and  rigid  lie  the  satellite. 

The  61-foot  diameter  vacuus  chamber  at  NASA  Langley  was  used  to 
determine  the  separation  velocity  of  the  canister  and  the  initial  deploy¬ 
ment  of  the  -sphere.-  It  was  recognise-,  that  these  teats  were  only 
indications  of  how  the  satellite  would  deploy  in  space.  The  sphere  fell 
rapidly  to  the.  bottom  of  the  chamber,  restricting  further  deployment,  and 
thermal  and  pressure  conditions  of  space  could  not  be  achieved.  Therefore, 
to  teat  the  complete  system  under  actual  conditions  a  vertical  ballistic 
shot  v»s  -heduled  t«  provide  a  no  gravity,  ultravaenua  environment  for 
a  period  of  approximately  20  minutes.  In  the  first  vertical  test  for  Echo  II 
on  January  IS,  1962,  the  fuflatit':-  process  was  recorded  by  a  recoverable 
motion  picture  camera  mounted  in  the  front  end  of  the  Thor  Socket.  A 
television  camera  which  relayed  back  the  real  time  pictures  of  the  Inflation 
during  the  t«st  was  also  mounted  on  the  Thor.  This  test  revealed  several 
serious  problems  which,  when  combined,  cause  the  sphere  to  rupture  during 
an  explosive  inflation  In  leas  than  two  seconds.  A  considerable  amount 
of  information  was  gained  from  these  flights  and  applied  to  a  redesign 
for  a  second  AVT  test.  These  Include: 

-- 1 .  The  residual  air  pressure  in  the  canister  was  reduced  prior  to 

launch  from  10  millimeters  of  eercury  to  1  mill ime ter  of  mercury 
in  order  to  reduce  the  Initial  deployment  speed. 
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2.  A  less  volatile  subllalnatlon  aaterial,  l.e.  benxolc  acid  was  used 
to  reduce  the  Inflation  and  rigidielng  process. 

3.  The  sphere  within  the  canister  was  evacuated  to  200  alcrons  end 
held  for  40  hours  for  complete  removal  of  water  vapor  and  other 
lapurlties. 

4.  The  beacon  gores  and  areas  around  the  beacons  were  reinforced. 

5.  The  folding  pattern  was  Modified  to  slow  the  inflation  of  the 
sphere  with  respect  to  the  equator. 

On  July  18,  1962,  a  second  vertical  teat  sh"t  was  launched  from 
Cape  Canaveral  Florida.  Television  and  canera  coverage  of  this  test 
showed  a  significant  reduction  in  the  speed  of  deployaent.  This 
sphere  was  fully  deployed  In  10  seconds  and  appeared  to  be  rigid imed 
within  30  seconds. 

Although  this  test  appeared  successful  froe  the  standpoint  of 
balloon  deployment,  radar  signals  bounced  from  this  balloon  showed 
scintillation  which  exceeded  that  expected  for  this  satellite.  This 
was  believed  to  be  due  to  the  less  volatile  subl imination  compound 
(benxolc  sc  id)  vhlch  theoretically  pressurised  the  sphere  to  only 
100  pal  skin  stress.  The  problem  then  was  to  design  the  Inflation 
systea  around  a  aaterial  which  1)  give  adequate  inflation  pressure 
to  rigidise  the  sphere  and  2)  be  controlled  in  such  a  way  that  it  would 
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not  result  In  explosive  dcplo;iacnt  and  Inflation,  The  result  of  this 
study  was  i  systss  Incorporating  pyraaole  as  an  inflation  material 
Dented  int  •  72  w,x  sealed  plastic  bags.  These  bags  were  attached 
the  su:  ace  of  the  sphere  at  locations  which  would  give  even 
ijploynent  and  In.  </,tion.  The  was  used  to  seal  these  containers  was 
assigned  melt  a  37  C  allowing  the  pyr azole  to  escape  through  a 
number  o £  ,mali  ho'es.;  Preliminary  tests  conducted  on  this  inf'.ati  >n 
s\  .’tea  lor  cd  very  irocising  and  work  is  proceeding  on  the  orbital 
galloons  t  be  shot  Into  orbit  early  next  year. 


Cone  "rent  with  the  work  on  3cho  II  materials  and  designs  a4m>d 
at  tv.ducl'  ;  the  weight  of  a  given  passive  communication  reflector  is 
underway.  One  of  t-  new  materials  being  investigated  is  a  lamiia- 
t i°n  of  p'..  istic  and  al  uainum  (Figure  12)  similar  to  that  used  on 


Kcl.o  II ..  Tils  mater  .a  employs  a  biaxlally  oriented  polypropylei  e 

wit1-  a  *«'  M„  strength  of  30,000  psi  ir.  both  directions  and  a  dsnsity 
wi‘  >.92.  ’olypropylene  was  chosen  because  of  its  high  strength- to- 
weifht  rat  .o  and  its  resistance  to  discoloration  in  s  spc»»,  en.  ronaent. 
The  aluatirjje  In  this  c«;o  is  allied  out  In  a  ex  agon  pattern 
the  •etelllte  weight  and  2)  allow  90  percent  c?  the  solar  enerfy  to  pas*/ 
thmigh  the  satellite  thereby  reducing  the  retired  rigidity. 


‘ en .  roraaent .  / 

stn  to  1)  reducs/ 
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FIGURE  12 


Further  study  to  reduce  the  weight  of  tnese  coMunicatlon  satellites 
Is  presently  under  study  One  technique  eaploys  a  lenticular  shape 
reflector  which  is  oriented  by  Mans  of  gravitation  gradients  (?igtu*  13). 

The  simplicity,  service  life,  and  anti- jessing  characteristics 
of  passive  coosatnication  satellites  wake  iN»  a  very  reliable  coasainl- 
c at ion  tool.  Through  new  eater  laic  and  design,  the  efficiency  of  these 
inflatable  satellites  (no re  surface  area  for  leas  weight)  ia  Increasing, 
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INFUTABli  '  °ACE  ASTt:-.-  ‘"'TEH 
'■  ?.  Reitme'*er 

BlhJMIh  Structures,  Inc.,  Buffalo,  Hew  fork 


/BSfhACT 

A  recent  development  of  BtiSAiR  Structures,  Inc.  has  been  the 
design,  development,  and  fabrication  of  a  aeries  of  active  Inflatable  space 
antenna  systems.  Each  antenna  system,  which  is  comparable  in  alia  to  a 
compact  automobile,  is  an  assembly  of  complex  inflatable  shapes  arranged 
and  held  to  extremely  close  dimensional  limitations.  Some  of  the  major 
proolems  involved  In  the  development  of  the  antenna  system,  from  a  mechan¬ 
ical  view  point,  were  the  development  of  materials  suitable  for  inflation 
and  rigidlzatiou  in  a  apace  environment,  development  of  a  container  and 
pressuriutlon  system,  providing  required  RF  performance  and  reliability 
with  minimum  weight,  and  the  development  of  folding  and  deployment  techniques 
tor  a  relatively  complex  inflatable  configuration. 
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INTRODUCTION 


Sine*  certain  design  features  of  the  antenna  syatec  and  certain 
performance  characteristics  are  classified,  the  discussions  given  in  this 
paper  are  necessarily  limited  to  the  unclassified  aspects  of  the  program  and 
can  only  describe  general  accomplishments  in  this  new  field. 

The  success  of  the  Echo  balloon  satellites,  which  have  been  placed 
in  earth  orbit,  and  plans  for  future  satellites  of  this  type  are  indicative 
of  the  feasibility  and  inherent  advantage  of  using  inflatable  devices  for 
large  size,  minimum  weight,  space  structures.  Is  of  this  date,  however,  such 
devices  have  been  primarily  in  the  category  of  inactive  or  paesive  satellites. 
BlhDAHt  Structures  has  recently  developed  an  active  inflatable  antenna  system 
consisting  of  a  group  of  separate  antenna  assemblies  held  together  by  an 
inflatable  connecting  structure.  Experience  gained  in  the  development  and 
fabrication  of  numerous  inflatable  parabolic  antennas  and  solar  reflecting 
mirrors,  all  held  to  relatively  close  tolerance,  provided  BIRDAIR  with  ths 
background  necessary  to  undertake  this  program.  Based  on  antenna  configur¬ 
ations  which  provide  the  desired  electronic  performance,  BIRBAIh  undertook 
to  provide  the  mechanical  components  of  the  antenna  system  in  the  fora  of 
an  inflated  structure  which  would  satisfy  these  electronic  requirements. 

The  major  criteria  considered  in  the  development  of  the  inflatable 
antenna  system  weret 

1.  to  provide  tne  desired  complex  electronic  configuration  in  an  inflated 
form  having  the  lightest  possible  weight. 

2.  to  fabricate  the  inflated  structure  to  extremely  close  dimensional 
accuracy . 

3.  to  provide  the  smallest  possible  package  size  for  installation  in  the 
launch  vehicle. 

It.  to  be  aelf  rigidlzing  after  initial  inflation  while  in  earth  orbit. 

5.  to  provide  the  desired-  electronic  configuration  in  an  inflatable  shape. 

6.  to  survive  space  environment  for  a  substantial  period  of  time. 

7.  to  provide  a  cost  advantage  over  a  comparable  rigid  mechanical  antenna 
system. 

8.  to  provide  the  pressurization  system  and  container  for  carrying  the 
antenna  into  orbit  and  subsequently  deploying  it  into  its  final  config- 

tXO«« . 


GENERAL  DESCRIPTION 

TT.a  complete  inflatable  antenna  system  consists  of  three  basic 
components t  the  inflatable  antenna  envelope,  the  pressurization  system,  and 
the  contai for  carrying  it  into  orbit. 

z,ioh  of  the  antenna  elements  and  the  connecting  structure  consist 
of  parts  segments  of  spheres,  cylinders,  cones,  tori,  oblate  spheroids, 
and  flat  vensioned  sheets.  All  elements  of  the  complete  structure  are  ten¬ 
sioned  into  final  shape  by  the  inflation  pressure. 
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In  preparation  for  launch  the  antenna  system  will  be  initially 
evacuated  and  folded  inside  an  evacuated  canister.  At  an  appropriate  time 
after  the  transport  vehicle  has  been  placed  in  orbit,  an  extension  mechanism 
to  which  the  canister  is  affixed  will  extend  outward  from  the  vehicle  to  the 
outboard  position.  Upon  full  extension,  the  canister  cover  will  be  ejected 
clear  of  the  folded  antenna.  During  a  time  interval  of  30  seconds  after 
canister  ejection,  a  pair  of  spring-loaded  arms  will  coosence  unfurling  the 
antenna  system.  At  the  end  of  the  30-second  Interval,  nitrogen  gas  will  be 
released  into  the  antenna,  inflating  it  to  the  approximate  final  shape  in  30 
seconds,  and  reaching  its  peak  pressure  in  approximately  30  minutes.  The 
pressure  will  then  bleed  down  to  ambient  pressure.  After  the  pressure  differ¬ 
ential  has  diminislied,  the  antenna  system  will  retain  its  shape  and  dimensional 
stability  in  the  zero  gravity  condition. 

ANTBHHA  ENVELOPE 

The  complete  antenna  envelope  when  inflated  measures  approximately 
72  inches  in  height,  8Ji  inches  in  width,  and  72  inches  in  depth,  yet  weighs 
under  8  lbs.  The  inflated  volume  of  the  antenna  system  is  approximately 
106  cubic  feet.  This  c duplex  antenna  system  after  evacuation  and  special 
folding  is  contained  in  a  package  measuring  10  inches  x  10  inches  x  7  inches. 
Each  oi  the  antenna  elements,  although  not  parabolic  reflectors,  consist  of 
envelope,  reflector,  and  feed  assembly.  Each  antenna  element  was  fabricated 
within  overall  tolerances  of  £  1/16  inch.  The  group  of  antenna  elements, 
when  connected  by  the  central  support  structure,  were  maintained  in  proper 
relationship  within  a  tolerance  of  ^  1/16  inch. 

In  the  development  of  the  inflated  structure,  it  became  evident 
that  both  metallic  and  non-metallic  materials  would  be  required  in  order  to 
meet  the  mechanical  and  electronic  requirements.  Since  it  would  not  be 
possible  to  maintain  inflation  pressure  in  the  structure  for  the  entire  life 
of  the  antenna  system,  it  was  necessary  that  the  antenna  material  be  self 
rigidizing  after  the  initial  inflation,  after  a  thorough  review  of  materials 
suitable  for  use  in  a  apace  environment,  several  combinations  of  plain  Hylar 
and  laminates  of  Mylar  and  aluminum  foil  in  various  gauges  were  chosen  for 
the  envelope  material  as  listed  in  Table  1.  With  the  selection  of  the  envel¬ 
ope  material,  attention  was  then  given  to  the  selection  of  a  suitable 
adhesive  for  bonding  the  Mylar  and  foil  panels  together.  An  adhesive 
capable  of  carrying  inflation  loads  at  both  the  high  and  low  temperature 
extremes  encountered  in  a  space  environment,  capable  of  sustaining  radiation 
as  encountered  in  a  space  environment  without  degradation,  and  possessing  a 
minimum  outgaseing  characteristic  was  required. 

Both  the  envelope  materials  and  the  adhesive  selected  for  the 
antenna  envelope  were  then  given  a  series  of  stringent  material  tests  in 
order  to  prove  their  suitability  for  this  application.  The  testing  program 
conducted  with  these  materials  consisted  of  tests  for  basic  material 
strength,  effect  of  temperature,  gas  holding  properties,  effect  of  repeated 
folding,  inherent  rigidizing  properties,  effect  of  extremely  low  pressures 
(vacuum  conditions),  and  electrical  conductivity. 
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The  aluslnua  foil  end  Mylar  lamina  tee  were  found  to  hi  ve  excellent 
rigidising  characteristics  for  relatively  thin-fil*  matertala.  Che  of  the 
suggested  methods  of  rigidiaing  inflatable  atructurae  fabricated  fro*  an 
aluaimm  foil  and  Mylar  laminate  ie  to  tension  the  foil  beyond  ita  yield 
point.  Ibis  approach  eat  investigated  but  waa  considered  Impractical  for 
this  application.  Because  of  the  irregular  shape  of  the  antenna,  the  stress 
under  uniform  inflation  preaaure  would  vary  appreciably  from  poia?  to  point. 
While  it  is  possible  to  vary  the  gauge  of  foil  used  in  the  different  com¬ 
ponents,  the  varying  streasaa  would  make  it  Impossible  to  provide  uniform 
stress  conditions.  After  reviewing  these  factors  and  experimenting  with 
various  aluminum  foil  and  Mylar  combinations,  it  was  decided  to  take  maximum 
advantage  of  the  inheiently  stable  shapes  of  the  antenna  components  and  the 
possibility  of  readily  shaping  the  vary  ductile  foil  by  means  of  pressure. 

Since  the  plain  Mylar  film  mat  only  used  for  closing  membranes  to  make  the 
antenna  gas  tight  and  not  for  any  actual  electronic  function,  possible  dis¬ 
tortion  of  this  material  after  deflation  was  not  considered  significant; 

The  materials  and  combinations  of  materials  used  In  the  fabrication 
of  the  antenna  were  exposed  from  four  to  twelve  hours  in  a  vacuum  of  from 
50  to  100  microns.  No  change  was  noted  in  any  of  the  materials  following 
this  exposure. 

Fabrication  of  the  antenna  system  to  the  extremely  close  toler¬ 
ances  required  presented  several  problems  in  the  development  of  assembly 
techniques.  Considsrable  effort  was  spent  in  the  study  °r  patterning  the 
flat  materials  In  order  to  facilitate  fabrication,  yet  maintain  the  proper 
final  shapes.  Both  the  method  of  fabricating  the  antemaa  as  free  envelopes 
by  assembling  panel  to  panel  (ea  la  done  with  large  inflatable  structures) 
and  the  method  of  assembling  the  panels  on  a  form  or  mandrel  were  considered. 
Although  extreme  care  wee  required  In  the  assembly  of  joints  In  the  antenna 
components,  the  Tree-envelope  method  of  construction  was  selected  due  to  the 
complex  shapes  required.  Consideration  was  given  to  the  problem  involved  in 
maintaining  electrical  continuity  between  the  various  components  of  the 
antenna  system,  including  the  use  of  conductive  cements.  However,  it  mas 
determined  that  satisfactory  electrical  performancs  could  be  obtained  thrau#> 
capacitive  coupling  of  the  lap  Joints, 

In  conjunction  with  the  fabrication  of  the  antenna,  it  was  also 
neceaeary  to  develop  and  fabricate  a  flexible  feed  system  for  each  of  the 
three  artennas  which  could  be  packaged  and  folded  for  deployment  with  the 
antenna  as  it  is  inflated.  Power  was  csrried  to  the  antenna  elements  through 
flexible  R0138  coaxial  cable.  Routing  of  the  flexible  coaxial  cable  from 
the  attachment  point  on  the  launch  vehicle  to  the  three  antenna  feed  systems 
so  as  not  to  become  tangled  during  inflation  and  not  to  distort  the  antenna 
after  deflation,  mas  also  a  problem  to  be  considered. 

As  with  previous  inflatable  satellite  systems,  temperature  control 
of  the  envelope  material  was  considered  extremely  important.  It  was  determined 
from  earlier  studies  of  inflatable  earth  satellites  that  uniform  envelope 
temperatures  cun  be  aoproacbed  and  tvtferate  temperature  limits  can  be 
achieved  if  the  enlssivity  ratio  the  inner  surface  and  the  outer 

surface  is  kept  high,  and  if  the  absorptivity  to  outer  surface  esdssivity 
ratio  is  kept  low.  Two  sun-earth-satellite  configurations  were  studied  to 
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determine  temperature  extremes.  These  are  (1)  when  the  satellite  is  In  the 
earth's  shadow,  and  (2}  when  the  satellite  is  between  the  earth  and  the  sun. 
After  a  study  of  the  factors  involved  in  temperature  control,  it  wae  found 
that  temperatures  of  the  antenna  envelope  could  be  controlled  within  a  range 
of  -125°  F.  to  /200°  F.  by  treatment  of  the  outer  surface  of  the  antenna  to 
obtsln  the  proper  absorptivity  to  emiasivity  ratio.  The  temperatuve  control 
treatments  for  the  antenna  system  consisted  of  coating  the  inside  of  all 
enclosed  components  with  flat  black  acrylic  paint,  treating  the  outside  of 
the  antenna  components  with  iiOl— 1*5  alodine  to  a  coating  weight  of  200  mg. 
per  square  foot  and  painting  the  exterior  of  the  antenna  envelope  with  2  inch 
diameter  "polka  dots"  of  oyster  white  acrylic  paint  covering  approximately 
15%  of  the  exterior  surface  of  the  antenna.  Of  many  paints  considered, 
including  epoxies,  Hypalons,  and  acrylics,  the  acrylic  paints  (Krylon)  had 
the  best  thermal  radiation  properties  and  the  best  adhesion  to  the  envelope 
material. 


Although  the  alodining  provided  the  optimum  surface  treatment  for 
temperature  control,  experience  in  fabrication  with  alodlned  foil  indicated 
an  embrittling  of  the  foil  resulting  in  a  greater  tendency  toward  a  fracture 
of  the  foil  and  pinhole  porosity  when  the  material  is  sharply  folded  and 
flexed. 


To  prevent  contaminating  or  otherwise  altering  the  extensive 
surface  treatment  of  the  antenna  materials,  it  became  necessary  for  all 
fabricating  personnel  to  wear  lightweight  nylon  gloves  while  handling  these 
materials. 


After  fabrication  of  the  antenna  assembly  was  complete,  it  was 
subjected  to  a  series  of  evsluation  tests,  which  Included  folding  and  pack¬ 
aging,  deployment  and  inflation,  dimensional  tolerance,  proof  pressure  and 
air  holding.  The  folding  test  was  obviously  to  assure  that  the  complete 
antenna  system  could  be  folded  into  a  container  as  described  in  a  later 
section.  The  deployment  and  inflation  tests  were  conducted  in  order  to 
determine  both  the  minimum  time  in  which  the  antenna  could  be  inflated  to 
the  design  pressure  cf  10  inches  of  water  and  to  check  dimensional  accuracy. 
Leakage  tests  or  air  holding  tests  were  conducted  t.o  determine  the  air 
escapement  from  the  inflated  envelope,  both  to  assure  an  adequate  capacity 
for  the  inflation  system  and  to  evaluate  the  significance  of  possible  dis¬ 
turbing  torques  in  the  transport  vehicle  as  a  result  of  the  Jet  action  of 
gas  escaping  through  pinholes  in  the  inflated  antenna.  It  was  determined 
that  aiv  leakage  from  the  antennas  was  less  than  10  cubic  feet  per  hour. 

As  a  last  test,  the  antenna  was  inflated  to  1 5  inches  of  water  for  10  minutes 

An  environmental  test  program  and  operational  inflation  tests  of 
the  complete  system  in  a  space  chamber  are  scheduled  for  the  very  near  future 

PhfiSSUKIZATIOH  SYSTEM 

In  the  initial  design  of  the  pressurization  system,  consideration 
was  given  to  both  compressed  gas  and  subliming  powders  as  methods  for 
inflating  the  antenna.  The  compressed  gas  system  was  initially  selected  in 
preference  to  the  subliming  powder  in  order  to  obtain  a  more  accurate  con¬ 
trol  of  the  inflation  and  final  pressure  in  the  antenna.  Preliminary 
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estimate*  originally  indicated  that  an  appreciable  weight  taring  might  be 
possible  by  the  use  of  stored  liquid  carbon  dioxide  compared  to  storage  of 
a  high  pressure  gas.  It  is  significant  that  while  the  resultant  storage 
volume  required  for  carbon  dioxide  is  significantly  less  than  that  required 
for  nitrogen,  the  relatively  poor  compression  factor  of  carbon  dioxide  at 
165°  F.  does  not  yield  ' he  resultant  volume  which  would  otherwise  be  expected 
using  stored  liquid.  There  is  also  a  hazard,  while  using  the  carbon  dioxide, 
of  local  momentary  freeze-up  in  the  expansion  orifice  during  inflation. 

For  the  above  reasons  it  was,  therefore,  decided  at  this  point 
that  overall  reliability  would  be  enhanced  hy  the  use  of  stored  nitrogen, 
and  the  program  was  continued  on  this  basis. 

A  system  was  then  designed  which  inflates  and  automatically 
deflates  the  106  cubic  foot  antenna.  Inflation  is  accomplished  by  releasing 
stored  nitrogen  gas  through  a  series  of  explosive  valves  and  orifices  to  the 
antenna.  The  inflation  occurs  in  two  stages.  The  initial  inflation  is 
through  a  small  diameter  orifice  which  slowly  fills  the  antenna  volume  so  as 
act  to  dosage  the  envelope  during  deployment.  After  the  initial  inflation, 
or  after  the  volume  of  the  antenna  is  filled,  a  second  explosive  valve  is 
actuated  releasing  gas  through  a  large  diameter  orifice  which  quickly  brings 
the  antenna  up  to  the  design  pressure  of  10  inches  of  water  absolute.  De¬ 
flation  of  the  antenna  is  sutoaatically  accomplished  by  means  of  bleed 
orifices  in  the  antenna  envelope  which  are  sized  to  create  a  steady-state 
pressure  in  the  antenna  of  10  inches  of  water  (inflow  equals  outflow)  at  the 
maximum  inflation  rate.  The  bleed  orifices  are  located  in  nullifying  posi¬ 
tions  on  th  antenna  system  so  as  to  eliminate  pro! leas  of  disturbing  torque 
or  the  transport  vehicle. 


CONTAINER 


Based  on  folding  tests  conducted  with  early  experimental  antenna 
components,  a  contain--  --s  designed  which  had  inside  dimensions  of  approx¬ 
imately  10"  x  10*  x  7".  The  container  consisted  of  a  bulkhead  mounting  plate 
to  which  the  inflatable  antenna  was  permanently  attached  and  the  covering 
canister,  which  is  released  just  prior  to  inflation.  The  bulkhead  plate 
contains  the  boom  attachment  to  the  launch  vehicle,  Rf  connectors  for  the 
coax  caule  to  the  antennas,  an  electrical  connector  for  actuation  signals 
and  telemetry  signals,  the  pressurization  system,  and  antenna  inflation 
fitting.  Materials  used  in  the  fabrication  of  the  container  system  were 
principally  stainless  steel  and  aluminum.  Special  provisions  incorporated 
in  the  container  system  consist  of  a  pressure-monitoring  system  to  determine 
pressure  inside  the  container,  an  air-tight  seal  between  the  canister  and 
bulkhead  mounting  plate  so  that  the  canister  can  be  evacuated,  explosive 
latch  pins  for  releasing  the  canister  prior  to  antenna  inflation,  a  teflon 
lining  for  the  interior  of  the  canister  to  protect  the  antenna  during  shock 
and  vibration  and  to  facilitate  release  of  the  antenna  during  deployment, 
and  ejector  springs  to  assure  that  the  canister  will  be  pushed  from  the 
bulkhead  mounting  plate  at  time  of  release. 
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Also  incorporated  in  the  design  of  the  bulkhead  mounting  plates  are 
two  overlapping,  folding  arms,  which  are  used  to  align  the  antenna,  when 
inflated,  with  the  bulkhead  mounting  plate.  The  arms  are  engaged  to  the 
support  structure  of  the  inflated  antenna  and  the  double-hinge  arrangement 
provides  for  suitable  folding  of  the  antenna  in  the  canister. 

CONCLUSION 

Although  the  program  is  not  yet  complete  ana  the  initial  launch 
has  not  yet  taken  place,  it  has  been  demonstrated  that  an  inflatable  ,  active 
antenna  for  us  in  space  environment  is  feasible  and  can  be  fabricated  to 
extremely  close  dimensional  tolerances.  Kange  tests  at  sea  level  of  the 
iritial  electrical  model  of  the  antenna  system  indicate  that  HF  performance 
is  within  specification.  Developments  on  this  system  indicate  that  the 
inflated  structure  concept  is  a  uniquely  advantageous  means  of  putting 
large-volume  structures  into  earth  orbit  naving  a  mihiimm  weight  and  for  a 
relatively  low  cost. 
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DEVELOPMENT  OF  MATERIALS 


FOR  URGE  SPACE  INFLATABLES 

At  the  outset  of  this  study,  the  requirements  were  set  forth  for 
an  Inflatable  rigidizing  passive  communication  satellite  In  joint  effort 
by  NASA  and  the  G.  T.  Schjeldahl  Company.  Hie  requirements  discussed 
are  separated  Into  those  concerned  with  1)  structural  requirements, 

2)  availability,  3)  processability  of  the  materials,  and  4)  the  basic 
radio  frequency  (R?)  requirements. 

Structural  Requirements 

The  materials  must  be  capable  of  being  handled  Lh  a  variety  of 
mechanical  and  manual  processes  without  damage  from  tearing, 
blocking,  or  stressing.  They  must  also  be  undamaged  in  long 
periods  of  storage  under  such  conditions  as  vacuumsto  one  milli¬ 
meter  or  less  of  mercury  and  temperatures  of  90  to  100  F. 

For  deployment  In  space,  the  materials  must  withstand  the 
shock  of  change  from  canister  pressure  of  about  one  millimeter 

_9 

to  3pace  conditions  of  about  10  millimeter  and  must  at  the  same 
time  remain  intact  as  the  tightly  packed  unit  expands  from  a  small 
container  of  about  ten  cubic  feet,  to  the  full-sized  unit  --  a 
sphere  several  hundred  feet  in  diameter  which  encloses  a  volume  of 
several  million  cubic  feet.  In  addition,  they  must  not  be  damaged 
by  local  hot  spots  which  may  develop  from  direct  exposure  to  solar 
energy  and  the  albedo  of  the  Earth.  Since  essentially  no  diffu- 
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sion  of  the  radiatior.  occurs  around  an  object  In  space,  the 
materials  must  also  withstand  the  very  low  temperatures  which 
are  experienced  by  materials  radiating  to  cold  space. 

After  deployment,  the  structure  oust  resist,  without  de¬ 
formation,  the  forces  arising  from  the  pressure  of  solar  radia¬ 
tion,  impact  of  microneteorite  ,  and  other  minor  forsca  arising 
from  the  albedo  of  tha  earth  and  electromagnetic  effects.  The 
requirements  in  this  category  are  largely  those  of  structural 
rigidity,  hut  in  initial  phases  of  inflation,  sufficient  skin 
strength  must  be  present  to  permit  full  inflation  so  that  the 
projected  shape  is  accurately  obtained. 

Avail  abil  ity 

Materials  available  commercially  in  wide  width*  are  highly 
desired  if  not  required  for  programs  where  large  siae  units  are 
contemplated.  It  is  particularly  important  that  the  materials 
be  available  in  wide  widths,  preferably  exceeding  48  inches  so 
that  a  large  number  of  square  feet  (125,000  for  a  200  foot  dia¬ 
meter  sphere)  can  be  reached  with  a  relatively  small  number, of 
pieces.  The  Echo  11  sphere,  for  example,  135  feet  in  diameter,  has 
a  surface  area  of  approximately  57,000  square  feet  and  is  com¬ 
posed  of  106  gores  which  are  48  inches  wide  by  212  feet  long. 


The  Importance  of  material  made  under  commercial  quality  controlled 
conditions  la  highly  important  so  that  confidence  can  be  estab¬ 
lished  that  the  material  used  is  not  subject  to  defects  and  that 
it  is  of  sufficient  high  quality  for  sample  selection  on  a  quality 
control  basis.  For  this  reason,  space  lnflatables  owe  much  to 
the  existence  of  the  highly  developed  packaging  film  Industry  in 
this  country. 

Processabll Ity 

In  general,  materials  which  meet  the  requirements  above  are 
suitable  for  processing.  However,  sufficiently  high  tensile  strength 
and  modulus  of  elasticity  Is  necessary  so  that  processing  will  not 
deform  the  materials.  In  addition,  it  is  necessary  for  the  material 
to  possess  sufficient  solvent  resistance  for  the  application  of 
certain  types  of  adhesives  or  to  undergo  heftt  sealing  processes 
without  developing  areas  which  will  adhere  to  each  other.- 

To  illustrate  required  handling.  Figure  1  shows  a  part  of 
laaination;  Figure  2  shows  a  gore  cutting  operation,  and  Figure 
3  shows  Lhe  application  of  Alodtne*,  an  inorganic  conversion 
coating  for  the  aluminum  used  in  Echo  XI. 

Since  the  purpose  of  the  passive  satellite  is  to  furnish  a 
Radio  Frequency  reflective  surface,  it  was  also  necessary  to  meet  basic  SF 
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requirements.  The  concept  studied  began  with  the  premises  that 
the  external  surface  should  he  ™>nt  talon  sly  electrically  conduc¬ 
tive,  and  that  the  external  sur^lf  could  be  a  aash-lik*  aluminum 
structure  with  the  mesh  element  spacings  separated  by  a  distance 
equal  to  some  fraction  of  the  wavelength  of  the  fip  energy  reflected. 
The  design  wavelength  was  3  cm  and  the  spacing  between  elements 
was  J)/B  or  0.375  cm  (about  0.17-inch). 
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Materials  Selection 


At  the  outset  of  this  investigation  the  behavior  of  Echo  I 
(fabricated  from  0.5-mil  metal ired  Mylar)  was  known  to  have  resulted 
in  a  somewhat  deformed  sphere  after  the  first  several  weeks  in  orbit. 

This  resulted  from  1)  loss  of  inflatant  material  due  to  puncture  by 
particles  in  space,  2}  the  fact  that  the  orbiting  system  had  thermal 
balance  characteristics  which  allowed  the  temperature  to  range  up 
to  about  150  C  and  3)  the  fact  that  the  Mylar  used  had  associated 
with  it  plastic  memory  for  its  former  rolled  condition  and  folds. 
Information  was  also  available  from  early  testing  of  Echo  II  which 
Indicated  that  the  projected  material  would  be  more  rigid  than 
necessary  and  that  it  would  be  sufficiently  temperature  resistant 
because  a  thermal  balance  coating  was  to  be  applied  to  maintain  the 
temperature  below  100  C.  At  this  point  it  was  proposed  that  a  material 
be  developed  which  would  be  superior  to  Echo  I  and  Echo  II  material. 

This  was  to  be  accomplished  by  reducing  the  cross  section  area  offered 
to  solar  pressure  which  constituted  the  major  force  tending  1)  to 
deform  the  sphere  and  2)  to  cause  the  sphere  to  change  its  orbit. 

Initial  studies  of  the  literature  and  work  with  the  packaging 
industry  indicated  that  the  two  most  promising  materials  for  the 
basic  plastic  structure  were  Mylar*  and  HDSL**  biaxial ly  oriented  polypro¬ 
pylene  which  was  just  then  becoming  commercially  available.  The 
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properties  of  these  two  materials  are  shown  in  Table  I  ahd  Indicate 
that  polypropylene  possesses  a  somewhat  better  strength-to-weight 
ratio  but  its  tear  resistance  is  only  approximately  30  to  40  percent 
that  of  Mylar.  Initial  interest  in  biaxially  oriented  polypropylene 
was  intensified  as  the  feasibility  of  widths  to  60  inches  and  (tore 
was  definitized.  Intensive  work  was  done  on  WEL  biaxially-oriented 
polypropylene  by  the  Onion  Carbide  Corporation. 
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TABLE  I 


PROPERTIES  OP  MYLAR  AND  POLYPROPYLENE 


PROPERTY 

MYLAR 

POLYPROPYLENE 

Tensile  Strength  (psi) 

20,000 

20,000 

Modulus  of  Elasticity  (psi) 

5  x  10S 

2.5  x  I05 

Density  (gta/ca) 

1  .'39 

0.91 

Tear  Strength  (gtn/nil) 

15 

5 

Availability  (inches) 

72 

60 

Minimum  Thickness  (ail) 

0.25 

0.35  -  0.5 

Strength  to  Weight 

Ratio  (inch) 

4  x  10S 

6  x  10S 

623 


The  initial  concept  was  based  largely  on  the  desire  for  a  very 
high  safety  factor  In  terns  of  the  ratio  of  the  pressure  requited  to 
destroy  the  device  to  that  required  for  inflation  to  produce  rigidity* 

For  this  reason,  emphasis  was  placed  on  films  of  approximately  0.35- 
to  0.5-mil  thick.  This  led  to  the  concept  of  developing  the  **I"  beam 
type  structure  shown  in  Figure  4.  'This  sandwich  type  structure  was 
projected  to  make  maximum  utilization  of  the  thickness  of  plastic 
believed  at  that  time  to  be  necessary  and  to  roly  on  the  strain 
hardening  of  aluminum  to  obtain  rigidity. 

The  concept  of  serein  hardening  of  aluminum  was  demonstrated  In 
the  early  tests  of  the  Echo  II  material  and  at  the  outset  the  modulus 
of  aluminum,  i.e.  about  10  x  106,  was  regarded  as  high  enough  to  over- 

5 

cc-a  the  effects  of  Kyi  at  with  a  modulus  of  5  x  10  .  Experimental 
work,  however,  indicated  that  the  modulus  of  aluminum  la  very  this  foil 
(ISC  micro  inches)  is  apparently  a  third  to  a  quarter  of  that  for  the 
bulk  material.  Sufficient  rigidity  can  be  obtained,  however,  for 
configurations  in  which  complete  exposure  of  the  plastic  does  sot 
occur. 

Structural  Analysis 

With  these  facts  is  mind,  structural  analysis  studies  were  con¬ 
ducted  to  define  is  general  teems  the  effect  of  etching  various  geometrical 


patterns,  various  ratios  of  plastic' thickness  to  aluminum  thickness, 
and  various  plastic  materials  on  the  final  properties  of  the  material. 
In  this  work,  the  analytical  expressions  developed  by  toe  techniques 
shown  for  the  hexagonal  pattern.  Figure  5,  shewed  that  for  a  given 
fraction  of  aluminum  removed,  the  hexagonal  pattern  Weald  result  in 
the  widest  rib  uf  r cm- irking  material ,  indicating  that  it  would  also 
yield  the  greatest  strength  to  weight  ratio.  Therefore,  the  hexagon 
was  selected  tor  intensive  study  because  its  three  directional  orienta¬ 
tion  represented  a  closer  approach  to  anisotropic  properties  than  is 
achieved  in  a  square  par.ern.  burly  laboratory  experiments  indicated 
that,  while  this  might  not  be  exactly  true,  no  serious  sacrifice  was 
made  in  the  selection. 

Tests  were  then  run  with  laminates  of  Kyiar  and  polypropylene 
with  various  thicknesses  of  aluminum  foil  and  many  were  made  into 
etched  configurations  through  the  use  of  silk  screen  and  photographic 
resist  processes.  Etching  was  done  with  ferric  chloride  in  the  early 
phases  of  the  investigation. 

Conventional  stiffness  measuring  methods  were  examined  for 
characterization  of  these  materials.  However,  standard  compress  ion 
tests  were  not  applicable  and  the  usual  Taber  stiffness  did  not  yield 
data  which  were  compatible  with  the  standard  theories  of  beam  rigidity. 
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This  situation  had  been  anticipated  at  the  outset  of  the  program  and  a 
number  of  five-foot  <■’ lame  ter  hemispheres  were  fabricated  for  rigidity 
studies  of  spherical  sections.  These  were  carried  out  S3  shewn  in 
Figure  6,  where  the  hemisphere  was  tested  in  both  up  or  down  position. 

In  some  cases,  the  pole  cap  was  in  the  center  of  the  hemisphere  and 
in  others  two  pole  cap  halves  were  at  the  edges  of  the  hemisphere. 

These  experiments  indicated  that  the  rigidity  of  the  etched  laminates 
to  be  much  less  than  that  of  the  parent  materials  hut  still  sufficiently 
great  for  use  in  the  space  weightless  conditions.  However,  the  need 
for  information  which  could  be  translated  in  terns  of  known  test 
conditions  was  felt  to  be  necessary.  For  this  reason  s  number  of 
experimental  methods  were  devised  in  an  attempt  to  define  the  pro- 
p^.ries  of  the  laminates.  Such  methods  ss  deflection  of  small  tubes 
and  conical  loading  of  formed  and  sealed  cylinders  showed  promise .  The 
letter  methoc,  shown  ir  Figure  7,  gave  data  consistent  with  theory 
and  indicated  that  the  strength  of  the  etched  laminate,  while  signifi¬ 
cantly  below  that  of  the  unetched  laminate,  was  sufficient  for  their 
use  under  space  conditions.  As  a  first  step,  the  technique  was  used 
to  correlate  theoretical  calculations  and  experimental  data  for  non- 
etched  material.  Then  the  etched  material  was  compared  to  non-etched 
material  to  obtain  an  empirical  factor  which  was  applied  to  the 
a eta; ions  developed  for  the  large  radius-thin  shell  structure  under 
consideration. 
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Figure 


IRUie  7 


The  equation  developed  for  local  buckling  of  the  thin  shell  is 


as  follows*: 


P  = 


cr 


S  A  t® 

30  E  CiT  r  O 


where:  P  =  Critical  buckling  pressure  for  local  buckling, 
cr 

E  =  Modulus  of  elasticity, 

yii  ■  Empirical  dimensionless  parameter, 

t  =  Material  thickness, 

S  *  Sphere  radius 

2 

r  =  Radius  of  deformation  in  local  buckling. 

The  results  of  this  analysis  were  compared  to  other  analytical 
approaches  which  included  the  calculation  of  the  critical  stress  for 
a  small  spherical  cap  and  the  calculation  of  critical  stress  of  curved 
beans  where  each  of  the  mesh  ribs  were  considered  a  curved  bass.  In 
general,  the  various  approaches  were  in  good  agreement  and  therefore 
tha  analysis  was  applied  with  confidence.  The  equation  is  described 
graphically  in  Figure  8. 


1 


Tachr.ische  Dyp.ar.ik,  C.B.  Biezano  and  U.  Graaael ,  1939. 
".kmially  Symmetric  Euaklir.g  of  Shallow  Spherical  Shells  Enter 
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Laminate  Thickness  vs  Sphere  Radius 

Alttmimwi  -  »-typr3R yleue 

Milled  taolnate 


Radius  -  R  Ct. 


lVh.-*c:..lon  Processes 

In  the  experimental  fabrication  work,  methods  were  devised  for 
lan.natir.g  aluminum  to  biaxial ly  oriented  polypropylene  using  the 
processes  similar  to  those  already  established  for  aluminum  and  Mylar, 
Eovu  systems  used  the  GT*-301  Scajelbond-  system  which  was  space 
prove.-:  in  Echo  I.  A  routine  test  for  both  the  laminates  and  seals 
consisted  of  simultaneously  dipping  a  sample  and  rotating  it  around 
a  0.125-ir.ch  mandrel,  alternately  from  liquid  nitrogen  to  boiling 
water.  This  test  method  demonstrated  the  utilities  of  the  materials. 
It  is  particularly  interesting  that  oriented  polypropylene  retains 
its  flexibility  at  lew  temperature  despite  tba  rather  high  brittle 
point  encountered  with  unoriented  films  o£  the  same  material.  It 
should  be  noted  that  the  development  of  satisfactory  bonds  to 
polypropylene  with  the  awuesive  system  required  2  corona  treatment 
prior  to  application  of  adhesives. 

The  interim  production  of  materials  for  study  on  larger  scale 
was  cran3lated  from  the  laboratory  techniques  of  silk  screen  and 
photo-resist  to  rotogravure  printing.  Experimental  work  carried  out 
by  Marathon  Printing  Company  demonstrated  both  the  feasibility  of  the 
method  and  the  suitability  of  an  ink  devised  by  them  for  the  etching 
process  envisioned.  This  ink  had  sufficient  resistance  to  strong 
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sodium  hydroxide  solutions  so  that  it  could  servo  to  preserve  the 


desired  pattern  In  the  etching  process.  ‘i'hu  rotogravure  printing 
was  ultimately  carried  out  to  prov'd-s  continuous  rolls  of  material 
printed  on  both  sides  In  register  with  putterr.#  Pont*. -nil.-  0.15-insh 
hexagons  with  0,O3-lr.ch  vide  lines,  ,-ujierial  - .oa  this  printing  ur.d 
from  20- inch  weba  was  etched  in  cor.tir.uouj  processes,  (sou  Figure  S), 

Kadrl  Sphere  Tests 

As  detailed  information  was  ..uuc-ui  ttad  on  strength  properties 
of  the  Uatr.rlulu,  a  lurga  cusher  of  -a. .11  spheres  ware  6t.de  to  duson- 
strate  f  ..  suitabil  ity  of  the  -  tor  hath  hand!  ir.g  and  dcploy- 

<*ent.  It  t  —  ■  n  t  e i e . t * ■  * .  f  t- *  - . .he  . ... c  —  - .  —  i i . .  .  *  \  numerous 

ways  which  inflected  tln-r  prases..  ir.„  th..:  ware  r.-uded  to  Insure 

higher  reliability  in  the  find  IC-foct  modal  spheres .  lee  test 
carifi#-  out.  on  uC-i.-.e..  and  12,S-...ut  spheres  included  inflation  at 
room  renditions  to  burst,  exposure  to  high  temperature  on  er»e  side  and 
low  tt  n  r  *■'-,**  v  the  -  th_:  in  wiuentai  caeiaeura  under  veeuua 
at  Wright  field,  and  deployment  of  30-inch  spheres  from  a  small  model 
canister  in  a  vacuum  chamber.  Figure  10  shows  a  30- inch  sphere  ia 
the  vacuum  chamber. 


•><mHuiii  H><troxfdc 
1 1 1 3°  -  lia"  V  ! 


tn  fh*  ph-scs  '„?U  initial  „«i«.  .«ve-'»l  20-foot  dimeter 

spheres  were  made,  packed,  and  folded  into  t»del  canister*  for  vacuum 
deployaent  and  inflation  teats  «t  nanglay  Kesaafe h  Gentar.  Under 
conditions  of  about  30  microns  pressure  and  60  to  7©  F  the  taodel 
spheres  deployed  and  inflated  rapidly  to  full  disaster  (one  to  two 
seconds)..  The  inf  latent  materials  used  in  these  experiment*  were 
«eetaiiude  and  ammonium  carbonate.  The  latter  materiel  wee  one  which 
was  selected  under  the  current  program  a*  offering  minimum  effective 
r-f-: reel for  use  In  space  inflatable*.  A  20»ffeot  sphere  in  the 
;  .......  —vet  e;octi< ..from  the  canister  ie  shown  in  several 

aisijoa  la  ;'ifur«s  11  through  lb. 

Tim  trull  id  fjot  tphati  s  indicated  that  certain  minor  problems, 
-..sedata’  i  srgol  y  with  thermal  balance  and  the  .possibility  of  blocking 
urlevi  c.  3  !«'.a  ipuv.  or  adhesive  fne  the  *i  rface  of  the  sphere  was 
in  Hired  ,  till  exiit^d.-  ihe  latter  point  developed  since  one  nohere 
■  ‘owsd  tear*  because  a  small  amount  of  adhesi  t.  from  a  seism  adhered 
to  inotlwr  portion  of  the  sphere  and  caused  tearing  during  deployment. 
jil. . .^cl  beacons  present  during  these  tost-,  did  not  oppaa.  to  lead 


under  space  eandlt  lens  had  bees  of  ge*  it  concern,  since  the  original 
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effort  was  directed  toward  tho  use  of  a  material  which  would  ultimately 
evaporate  or  disappear  under  space  condition*.  As  the  program  pro¬ 
ceeded  and  initial  tests  were  made  it  became  apparent  that  the 
disappearance  of  plastic  under  space  conditions  was  not  *n  easy 
situation  to  achieve.  For  this  reason,  it  was  thought  that  a  suitable 
solution  to  the  problem  could  be  realised  by  employing  a  plastic 
film  which  would  remain  transparent  to  solar  radiation  and 
act  as  j  window  rathar  than  as  s  hoi*.  This  circusu  sac*  would  alao 
load  to  a  minimum  effect  of  solar  radiation  pressure  on  the  sphere 
•fr.cs  pressure  i.  united  only  when  the  radiation  is  reflected  or 
absorbed. 

The  efforts  designed  to  measure  the  tendency  of  plastics  to  degrade 
under  space  conditions  were  carried  out  at  St.  Olaf  College  in  North- 
field.  Additional  experimental  work  was  done  under  subcontract  by 
Radiation  Applications  Inc.,  tong  Island  City,  New  York.  This  work 
indicated  that  po’ ypropyleno,  while  known  for  Its  eese  of  degrstlon  In 
ultra-violet  light  In  the  presence  of  oxygen,  was  extremely  resistant 
to  weight  loss  and  even  to  change  In  physical  properties  when  exposed 
to  vacuums  of  10'^  to  10”  5  mill Imeters  of  meicury  in  the  presence  of 
radiation  free  a  General  Electric  UV-fi  mercury  vapor  lamp.  Exposures 
for  periods  up  to  66  days  indicated  that  0. Snail  biax tally  oriented 
polypropylene  gave  slight  increases  in  yellowness,  and  became  somewhat 
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effort  was  directed  toward  the  '’.."ft  of  a  material  which  would  ultimately 
evaporate  or  dlsapbenr  under  space  conditions.  As  the  program  pro¬ 
ceeded  and  Initial  tests  were  made  It  became  apparent  that  the' 
disappearance  of  plastic  under  space  conditions  was  not  an  easy 
situation  tc  achieve.  For  this  reason,  it  was  thought  that  *  suitable 
solution  to  the  problem  could  be  realised  by  employing  a  plastic 
film  which  would  remain  transparent  to  solar  radiation  and 
act  as  a  window  rathar  than  as  a  hole.  This  circumstance  would  also 
lsad  to  a  minimum  affect  of  sola?  radiation  pressure  on  the  aphsr 
since  pressure  Is  exerted  only  whan  the  radiation  is  reflected  or 
absorbed. 

The  efforts  det.lgr.ed  to  measure  the  tendency  of  plasties  to  degrade 

under  space  conditions  were  carried  out  at  St,  Olaf  Collage  in  North- 

field.  Additional  experimental  mark  was  done  under  subcontract  by 

Radiation  Applications  Inc. ,  Long  Island  City,  New  York.  This  work 

indicated  that  polypropylene,  while  known  for  Its  ease  of  aegratlon  in 

ultra-violet  light  in  the  presence  of  oxygen,  was  extremely  resistant 

to  weight  loss  and  even  to  change  in  physical  properties  when  exposed 
—4  —5 

to  vacuums  of  10  to  10  millimeters  of  mercury  In  the  presence  of 
radiation  from  a  General  Electric  UV-6  mercury  vapor  lamp.  Exposure* 
for  nerlods  up  to  68  days  indicated  that  0.5-mil  biaxial ly  oriented 
polypropylene  gave  slight  increases  in  yellowness,  and  became  somewhat 
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TABLE  II 


temperature  gumARv 

<tn  line  between  earth  and  sun) 


CASE 

I 

II 

III 

IV 

V 

A1  Removed  (%) 

70 

58 

70 

58 

70  coated* 

Polypropylene  Unexposed** 

Unexposed 

Exposed*** 

Exposed 

Exposed 

Temp.Ma*.  (C) 

73 

97 

139 

149 

71 

Temp  .Min.  (C) 

-18 

7 

30 

39 

-3 

Temp.Avg.  <C) 

-8 

12 

42 

51 

-2 

*  White  enamel , 

TIOj  pigment 

**  Polypropylene 

not  exposed  to  CV  or  vacuum 

***  Polypropylene 

exposed  to  both  UV  and 

vacuum 
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CONCLUSIONS 


The  aim  to  design  an  advanced  material  for  inflatable  rigidiring 
satellites  has  been  achieved  and  suitable  design  parameters  defined. 
Spheres  of  this  material  will  operate  very  satisfactorily  as  passive 
communications  satellites. 

Polypropylene  was  the  material  chosen  for  fabrication  of  a  space- 
inflatable  rigid tzing  satellite  because  of  its  low  density,  good 
tensile  .properties,  and  low  color  buildup  in  a  space  environment. 
Spectral  analysis  of  polypropylene  over  most  of  the  range  covered  by 
solar  radiation  in  outer  space  has  shorn  very  low  absorption  of  the 
sun's  energy.  Therefore,  the  need  for  a  "disappearing"  plastic  film 
for  this  application  is  much  less  Important  than  originally  thought 
in  view  of  the  high  spectral  transmission  of  polypropylene.  Solar 
radiation  will  exert  very  little  pressure  on  a  film  transparent  to 
90*  percent  of  the  sun's  energy. 

The  best  overall  adhesive  system  for  laminating  aluminum  foil 
to  polypropylene  film  was  Schjelbond  GT-301,  a  proprietary  6.  T. 
Schjcldahl  Company  thermosetting  resin  adhesive.  In  order  to  obtain 
the  bond  to  polypropylene,  the  film  should  be  exposed  to  a  low-level 
corona  treatment. 

Handling  during  fabrication,  packing,  deployment,  and  inflation 
has  no  adverse  effect  on  the  structural  qualities  of  these  advanced 


materials.  The  materials  are  not  subject  to  blocking  during  pro¬ 
longed  compressed  storage  at  elevated  temperatures. 

The  materials  developed  under  this  program  are  better  able  to 
withstand  rapid  Inflation  in  space  conditions  than  are  present 
materials  used  for  large-diameter  inflatable  spheres. 

The  rotogravure  printing  method  and  the  associated  sodium 
hydroxide  etching  was  developed  to  the  point  where  registration  of 
the  patterns  from  one  side  to  the  other  In  printing  and  etching  was 
achieved  on  a  continuous  basis  with  54- inch  wide  material.  In 
general,  the  printed  resist  method  appears  to  yield  a  very  satis¬ 
factory  etched  material. 

A  theoretical  approach  and  design  equations  have  been  developed 
for  the  study  of  temperature  conditions  for  a  sphere  in  space.  The 
theory  shows  that  the  sphere  can  be  kept  cool  by  controlling  the  per¬ 
cent  of  area  milled  or  by  applying  a  thermal  coating  or  by  a  combina¬ 
tion  of  these  two  factors. 

A  sphere  200  feet  in  diameter  with  e  torsi  weight  less  than  900 
pounds  is  feasible  with  a  safety  factor  of  3.0  for  rigidity.  The 
milled  laminate  weight  is  comparable  to  Echo  I  material  at  sphere 
diameters  of  135  feet  or  less  and  it  is  less  than  60  percent  that 
of  Echo  A-12  laminate  for  a  135-foot  diameter  sphere. 
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XWRCEWCTIC® 

The  growth  of  expandable  structures  for  aerospace  application  has  been 
quite  rapid  during  the  past  four  years.  Previously,  this  activity  centered 
around  such  conventional  devices  as  balloons  and  parachutes.  Since  many  of 
those  present  played  significant  roles  in  the  subsequent  acceleration  in  the 
state  of  the  art,  there  is  no  need  to  dwell  further  on  this  period.  However, 
the  causes  and  consequences  of  this  rapid  growth  deserve  some  elucidation. 

The  obvious  requirements  for  minimum  packaged  payload  launch  weight 
and  volume  lent  impetus  to  the  early  development,  design,  and  fabrication 
of  expandable  structures  for  such  applications  as  extremely  large  diameter 
(e.g.  100-135  foot)  passive  satellites,  and  mechanically  foldable  or 
retractable  booms  and  legs  for  unmanned  orbital  (e.g.  NIMBUS)  satellites 
and  space  traversing  (e.g.  RANGER)  vehicles.  The  collapsible  Dooms  offered 
a  particular  versatility  to  the  orientation  and  location  of  solar  "paddles" 
and  magnetometers,  in  addition  to  the  more  prosaic  antenna  applications. 

It  soon  became  evident  that  the  pressurization  of  spheres  and  mechanical 
extending  of  devices  frew  the  main  structure,  were  merely  simple  precursors 
to  the  larger  technological  area?  expandable  structures  for  the  aerospace 
environment.  As  the  aerospace  needs  became  diversified,  so  did  the  methods 
of  achieving  them  via  expandable  structures.  The  techniques  presently  range 
from  the  rather  self-evident  concepts  noted  above,  to  increasingly  more 
sophisticated  ones  as  typified  by  the  use  of  irradiated  plastics  with  a 
memory,  or  the  deployment  and  rigidization  of  vapor  catalyzed  systems; 
the  simplicity  of  the  former  and  the  complexity  of  the  latter,  not  with¬ 
standing.  As  a  result  of  the  increasingly  broad  application  framework  for 
these  highly  packageable  structures,  various  R  &  D  programs  have  been 
Initiated  by  applicable  government  agencies  and  private  organizations  to 
solve  specific  aerospace  problems  via  expandable  structures. 

In  order  to  avoid  duplication  of  effort  by  the  interested  organizations, 
and  to  determine  the  most  important  and  potentially  most  immediately  fruitful 
areas  of  R  A  D,  the  Spacecraft  Organization  of  the  Lockheed  California 
Company  was  requested  to  carry  out  a  "Study  of  Expandable  Structures"  for 
aerospace  applications  for  the  Air  Force. 
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PROGRAM  OBJECTIVES  AND  METHODS 


It  yzts  the  objective  of  this  program  to  compile  the  available  data  on 
the  subject  and  cany  out  an  assessment  of  the  state  of  the  art.  The  general 
program  parameters  were: 

1.  asphasis  on  pertinent  materials  and  processes  for  candidate  concepts. 

2.  Comparison  of  first  generation  expandable  structures. 

3.  Mission  limitations: 

a.  Earth  reentry  from  low  altitude  (i.e.  300“ 50°  n.m. )  circular  orbital 
velocities  of  approximately  25,000  feet/seeond. 

b.  Non-reentry  space  operations  at  near-earth  orbital  altitudes. 

4.  Nc  effort  on  new  materials,  processes,  or  structural  concepts. 

5.  Exclusion  of  classified  data. 

The  general  method  of  conducting  this  program  was  straightforward. 

However,  it  should  be  noted  that  the  compilation  phase  Involved  the  personal 
visitation  to  7^  organizations  and  the  collection  of  over  1200  documents. 

In  assessing  the  information,  it  was  necessary  to  arbitrarily  classify  the 
quality  of  the  data  based  upon  a  preference  of  source.  The  selection  was 
made,  in  order  of  preference,  from: 

1.  Space  data  -  Derived  from  recovered  space  objects,  space  telemetry, 

or  from  apace  phenemnua  observed  Irom  earth. 

2.  Data  obtained  in  a  simulated  space  environment  -  Preferably  derived 

from  simulation  of  more  than  one  environmental  space 
factor  at  a  tine. 

3.  Earth  data  extrapolated  to  a  space  environment  - 
If.  Earth  data  - 

5.  Derived  theoretical  data  - 

literature  based  on  genuine  apace  data  was,  os  might  be  expected, 
quite  scarce,  whereas  literature  based  on  derived  theoretical  data  was 
plentiful.  The  quality  of  the  information  was  often  uneven  and  sometimes 
even  dubious.  For  example,  authorities  on  micrometeoroid  hazards  differed 
in  their  estimates  by  several  orders  of  magnitude.  Environmental  information 
was  generally  derived  from  secondary  sources  such  as  recognized  authorities 
iather  than  directly  from  experimental  data.  Data  op  ascent,  orbital,  and 
reentry  conditions  were  based  upon  assumed  vehicle  configurations  and 
trajectories. 

Upon  completion  of  the  data  assessment,  the  information  considered  useful 
to  a  designer  of  expandable  structures  was  incorporated  into  a  handbook.  This 
handbook  presents  data  on  the  aerospace  environment  to  be  encountered  during 
ascent,  orbiting,  and  reentry.  It  treats  first  generation  concepts  in  some 
detail.  Applicable  structural  analysis  techniques  are  included  for  the  conven¬ 
ience  of  accessibility  to  the  designer.  Although  the  basic  analysis  is  essen¬ 
tially  no  different  than  for  other,  more  conventional  structures,  significant 
modification  was  a  emetines  required  to  develop  a  complete  operational 
"working”  analysis,  as  in  the  case  of  A3BMAH**.  The  properties  of  materials 
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presently  considered  of  Interest  In  designing  expandable  structures  are 
presented,  as  veil  as  a  review  of  pertinent  fabrication  and  processing 
techniques.  This  Includes  methods  to  carry  out  the  deployment  and 
rlgidization  processes. 

A  final  report  vas  also  prepared  containing  a  discussion  of  the 
program.  Its  findings,  various  conclusions  and  reccnmtendatlons ,  and, 
finally,  a  bibliography  of  over  1200  documents. 

CONCLUSIONS  AND  RECCMffiSDAfflCHB 

As  a  consequence  of  reviewing  these  documents  and  the  information 
obtained  during  the  organizational  surveys,  a  number  of  conclusions  and 
rec amaendat Ions  concerning  aerospace  expandable  structures  were  defined; 
seme  being  self-evident,  others  not  as  apparent.  For  convenience  of 
analysis  herein,  these  findings  can  be  categorized  as  follows: 

1.  Applications 

2.  Structural  Concepts 

3.  Materials  -  Primary  and  Ancillary 
k.  Processing 

APPLICATIONS  -  The  possible  utilization  of  expandable  structure  concepts 
for  almost  ary  conceivable  aerospace  application  may  acmeday  be  feasible. 
However,  frem  the  standpoint  of  practical  design,  a  realistic  appraisal  must 
be  made  of  present  needs  versus  present  capabilities,  available  design  data, 
and  the  possibility  of  preferable  con-expandable  concepts.  Immediately  useful 
applicability  involves  the  missions  noted  In  Table  1. 

Table  1 


AEROSPACE  EXPANDABLE  STRUCTURES 
FOR  MAJOR  MISSIONS 

(PRESENT  design  requirements) 


1 

MISSION 

TfPICAL  APPLICATIONS 

Booster 

Recovery 

SATURN  C-5 

Atmospheric 

Reentry 

Vehicle 

Recovery 

Space  Station 

Logistics  Vehicle 

Pers  camel 

Recovery 

Qaergency  Return 

Frcm  Orbital 

Satellite  Or 

Space  Vehicle 

Non-Reentering 

Space 

Operations  j 

Energy  Refleetors/Radlators/ 
Collectors 

Structures 

Passive  Satellites, 

Solar  Collectors,  Antennas 

Extension  Devices  and 

Space  Shelters 
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H'-vever,  in  order  of  present  apparent  mission  interest,  they  are: 

c  Energy  Reflectors /Radiators /Collectors 
o  Booster  Ree  ivery 
o  Structures 
o  Vehicle  Recovery 
.  Personnel  Recovery 

STRUCTURAL  CONCEPTS  -  In  general,  the  program  disclosed  an  abundance 
of  significant  concepts  to  carry  out  the  above  missions.  The  pursuance  of 
the  various  concepts  nut  only  varied  with  particular  organisations  interests 
and  capabilities,  but  was  also  susceptible  to  overall  aerospace  objectives 
of  the  Air  F^rce  and  NASA.  This  is  clearly  seen  in  Tables  2  to  4,  which 
indicate  the  usefulness  of  specific  expandable  structure  devices  with  respect 
to  tne  major  missions  of  immediate  interest. 


Table  2 


AEROSPACE  EXPANDABLE  STRUCTURES 
FCP,  REENTRY  RECOVERY 
-  BOOSTERS,  VEHICLES,  AND  PERSONNEL  , 


Parachute 
Drag  Brahe : 
Drag  Brake : 
Drag  Brake : 
Ambient  Air 
Ambient  Air 
Ambient  Air 
Hot  Air  Bag 


Petal 

Variable  Area  (Umbrella) 
Inflatable  Struts 
Bag  (BALLUTE) 

Bag  (ROOST) 

Bag  (Landing) 

( PARA VULCOON ) 


Rotorchute 

Paraglider  (Paraving,  Rogallo 
Wing,  Flex  Wing) 
Unfolding  Wings 
Inflatable  Wings 
Honeycomb  Wings 
Framed  Wings 

Foam  Encapsulation  (MOOSE) 


Table  3 


AEROSPACE  EXPANDABLE  STRUCTURES 
FOR  NON-REENTERING  SPACE  OPERATIONS 
-  ENERGY  REFLECTORS/RADXATORS/COLLECTORS  - 


Inflated  Balloon :  ECHO  I 
Yielded  Metallic/Plastic 

Balloon:  ECHO  A-12 
Inflated  Rod 

Inflated  Tubes/Membrane :  NABLA 
Membrane  Stiffening  via  Toroid 

Rigidisation  (Pressurized, 
Chemical,  or  Physical) 
Inflated  Double  Paraboloid 
Inflated  Lenticular 


Inflatable  Spiral  Boom 
Yielded  Metallic  Foil  Boom 
Multiple  Hinge  Linear  Array 
(Accord ian  Fold) 

Metal  Mesh  (Spin-up  Deployment) 
Inflatable  Solar  Shield:  AIRMAT 
Erectable  Solar  Shield:  parasol 
Solar  Concentrator:  Petals 
Solar  Concentrator :  Foam 
Stacking  Ring  parabola 
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Table  1* 


AEROSPACE  EXPANDABLE  STRUCTURES 
FOR  RON-RE ENTERING  SPACE  OPERATIONS 
-  STRUCTURES  (EXTENSION  DEVICES  &  SPACE  SHELTERS)  - 


Expansion  Arm  (Lazy  Tongs) 

Conr act  capturing  Devine 
Unfi.rlable  Tape:  STEM 
U ifurlable  Tape  t  Edge  Cold-Welded 
Unfurlable  Tape:  Edge  Interlock 
(Zipper  B^om) 

Telesc  ’ping  Shape 


Inflated  Shapes-Natural 

(Spiral  Bom  T,r.lds) 
Inflated  Shaped -Re St rained 
(iNFLATOMA?) 

Resin  and/or  F  am  Space  Rigid- 
zel  Snapis:  Rt  inf  reed 
ana  N  n -Re  inf  r’ed 
inflated  r  r  am  Filled  R-igid- 
ized  T*  rcid  Stiffened 
Shapes 


To  appraise  and  compare  th-se  properly  v>  uld  require  a  c  mprehens i ve 
des igu  and  systems  analysis.  TLi  •  a  were  therefore  Just,  briefly 

described  if  the  Hando.Kk  and  c-ns.aerea  uly  with  respect  t:  specific 
ir:ss  on  requirementr.  A  more  th  r  ugh  evaluation  should  consist  -f  the 
foil,  wing : 


1.  C  rr.paris  n  >f  various  expandable  structures  concepts  pr.p.st  1  f . accom¬ 
plishing  similar  fun:*  ions.  F  r  exalte,  tne  different  approaches  proposed 
f  >r  the  design  of  solar  ..ollect  crs  «.  uli  be  considered.  These  might 
include  : 

a.  Inflat  I  >n/foan> 

b.  Mechaiical/pstal 

c.  Meehan ical/Fresnel 

?.  C-mnarisor  of  the  effectiveness  with  which  the  optimum  expandable  device 
ana  conventional  devices  fulfill  ’he  same  mlssi  t.  requirements. 

While  structural  efficiency  is  the  primary  criteria,  other  factors,  including 
packaging  ratio,  co.  t,  reliability,  availability,  etc.,  als  .  deserve  considera¬ 
tion  in  this  analysis. 

At,  this  point,  it  should  be  noted  that  a  realistic  assessment  of  the 
packaging  or  expansion  ratio  must  be  made  early  in  the  design  phase  since  a 
high  ratio  is  not  always  necessary,  or  even  desireable.  For  example,  approx¬ 
imately  one-third  (1/3)  ef  the  enclosed  volume  of  a  space  station  is  estimated 
to  be  occupied  by  "hard”  equipment,  end  which  would  likely  be  held  within  the 
folded  structure  during  launch.  Thus,  a  ratio  of  1:4  or  1:5  would  be  sufficient 
in  this  case. 


MATERIALS  -  Expandable  structures  for  aerospace  applications  depend  upon 
the  capability  of  materials  to  be  packaged  in  a  folded  and/or  compressed  form, 
regardless  of  whether  the  material  is  rigid  or  flexible  prior  to  deployment. 

In  addition,  such  other  desirable  attributes  present  themselves  as  heat  resist¬ 
ance,  high  strength,  light  weight,  resistance  to  the  space  environment  (e.g. 
radiation  and  vacuum),  low  cost,  reliable  functioning,  easy  fabrication,  etc. 
The  number  of  possible  materials  for  a  given  application/device  system  there¬ 
fore  rapidly  diminishes.  These  materials  can  be  classified,  as  seen  in 
Table  5  as  either  'Primary1  or  'Ancillary'  (see  Appendix),  depending  upon 
their  relative  importance  to  the  basic  expandable  structure  concept. 
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Table  g 


AEROSPACE  EXPAHDABIh  STRUCTURE 
MWPERIAIfi 


PRPtgg 

Metals 

Non-Me tallica 
Films 

Elaatcmnra 
Resina 
Textiles 
Coated  Fabrics 

PO&ffiB 

Composites 

Laminate a 
Sandwiches 


akcillaht 

Sealants 
Self -Sealants 
Adhesives 
lubricants 
Coatings 

Thermal  Protection 
Mat 'Is 

Inflation  Mat’ Is 
Rlgldlzatlon  Mat  * 

Sttmi-Pe  ratable  Membranes 
Radiation  Absorbers 


It  is  evident  that  the  majority  of  the  groupings  are  In  the  non-metalltc 
family.  On  the  other  hand,  most  of  the  expandable  structures  sent  Into  space, 
to  date,  have  been  essentially  of  metallic  construction.  This  1b  not  sur¬ 
prising  when  considered  In  the  light  of  practical  and  realistic  design  consid¬ 
erations. 

First  of  all,  most  designers,  particularly  In  the  aerospace  Industry,  are 
intimately  acquainted  with  metallic  material  properties  and  their  conceptual 
usage.  It  is  only  natural  that  their  flight  hardware  designs  reflect  this 
familiarity. 

Secondly,  the  effects  of  the  space  environment  on  non-metalllcs  are  less 
readily  understood  as  compared  to  metalllcs.  This  Is  especially  true  for  the 
organic  polymeric  materials  since  (a)  the  number  of  possible  and  available 
ccmblcatlons  of  chemical  constituents  is  enormously  greater  for  these  materials 
than  for  the  metallic  ones,  and  (b)  the  various  degradation  phe"csaens  are  mole 
diverse  with  the  organics  than  with  the  metalllcs.  For  example,  close  approxi¬ 
mation  of  metallic  material  loss  In  a  hard  vacuum  ceui  be  calculated  from  the 
Knudsen-hangmulr  relationship.  On  the  other  hand  the  equation  is  essentially 
useless  with  organic  polymers  since  the  vacuum  degradation  mechanisms  are  more 
complex  (l.e.  Molecular  weight  and  crosslinking  are  functions  of  the  composition 
proportions  and  the  polymerization  process  utilized.  Evaporation  rate  Is  also 
strongly  Influenced  by  -variations  In  temperature  and  radiation  damage). 

Thirdly,  the  lack  of  combined  space  environmental  design  data  has  been 
especially  noticeable  with  the  organic  materials  since  the  mission  operational 
environmental  limits  (particularly  temperature)  are  beyond  the  known  capability 
of  many  organic  substances. 

Finally,  conventional  design  concepts  for  collapsible  structures  found 
suitable  for  many  years  on  earth  have  been  either  of  the  type  which  could 
utilize  atmospheric  air  for  make-up  pressurization,  or  were  fabricated  from 
mechanically  foldable  rigid  elements,  concern  over  loss  of  pressurization 
media  during  space  operation  has  slanted  concepts  toward  the  latter  technique. 
Since  the  mechanical  variety  Is  readily  designed  with  metallic  materials  and 
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whereas  the  organic  polymers  lend  themselves  to  the  typical  inflated 
structures,  the  Initial  cnoice  of  material  usage  oeeuaea  self -evident. 

However,  the  trend  is  gradually  shifting  toward  the  non-aetalllcs ,  par¬ 
ticularly  the  organic  polymers  and  ceramic  textiles.  This  Is  due  to 
several  factors. 

1.  Hon-metallie  systems  have  greater  potential  for  light  weight,  large 
packaging  ratios  and  cheaper  cost  (all  inherent  In  the  use  of  elasto¬ 
meric  and  rigid  polymers  and  the  organic  and  ceramic  fibers). 

2.  Aerospace  design  engineers  are  being  exposed  to  more  non-metalllc 
data,  Including  space  effects  cn  polymeric  materials. 

3.  Design  techniques  are  being  developed  to  protect  susceptible  organic 
materials  to  'peclftc  aspects  of  the  space  environment  without  sacri¬ 
ficing  significant  weight  (e.g.  vacuum  deposited  aluminum  cm  mylar  to 
protect  the  polymer  fre*  the  solar  radiation). 

4.  Repair  and  maintainability  can  be  more  readily  carried  out  In  space 
with  the  non-ae tallica,  with  greater  safety  and  less  launch  cost. 

(e.g.  self-sealants  and  space-cured  laminates). 

5.  Hie  increased  efforts  to  develop  mere  weight  efficiency  In  space  struc¬ 
tures  is  accelerating  conceptual  sophistication  of  space  deployment  and 
rigidlzatlon  techniques.  This,  in  turn,  is  causing  increased  efforts 
to  be  placed  In  developing  deployment/ rigidlzation  systems  which  are 
highly  specific  to  space  n Derations  (e.g.  plastic  memory  and  vapor  phase 
catalysis ) . 

This  trend  Is  not. to  be  misconstrued  to  mean  that  metals  are  disappearing 
from  the  expandable  structure  picture.  In  fact,  similar  design  sophistication 
Is  likewise  occurring  In  this  area  (e.g.  unfurlable  tapes  which  can  be  (a) 
self-rlgldlzlny  and  retractable,  (b)  welded  in  space  without  heat  and  (c) 
rigidized  via  a  "zipper").  Conventional  metallic  telescoping  and  hinged 
modules  vlll  likely  be  the  first  generation  of  manned  orbital  stations  and 
laboratories .  At  the  moment,  metallic  textiles,  elastomer  coated,  appear 
to  have  the  lead  In  the  race  for  operational  reentry  decelerators. 

Therefore,  material  data  Included  in  the  Expandable  Structures  Design 
Handbook  covers  the  gamlt  from  metallics  to  non-me tallica,  but  with  particular 
emphasis  on  the  latter.  Hie  quality  of  the  data  presented  In  the  Handbook  is, 
as  originally  anticipated,  of  a  variable  nature,  depending  upon  test  methods, 
facilities  (specifically,  space  environmental  simulation),  quality  and  quantity 
of  test  specimens,  and  accuracy  and  completeness  of  the  reported  Information. 
Hie  so-called  "space"  environment  data  on  materials,  which  is  found  in  the 
literature,  is  of  particular  concern.  Most  of  such  testing  has  been  carried 
out  under  far  from  simulated  conditions.  For.example,  available  vacuum  data 
thins  out  rapidly  In  the  range  of  10"5  to  10*®  torr,  whereas  typical  manned 
orbital  activities  are  contemplated  for  the  10“9  torr  (30O-5OO  nautical  miles 
altitude)  environment.  Likewise,  what  little  meteoroid  testing  which  has 
been  done,  has  been  predominately  carried  out  with  particles  traveling  lass 
than  25,000  ft/sec.  Whereas  actual  near  earth  meteoroid  velocities  are  a 
great  deal  higher  than  this. 


Also,  there  is  considerable  difficulty  in  trying  to  compare  radiation 
damage  to  materials  for  the  following  reasons: 

1.  There  is  a  difference  of  opinion  between  radiation  and  material  "author¬ 
ities"  as  to  whether  radiation  dosage  is  additive  for  all  radiation,  setae 
types  of  radiation,  or  not  at  all.  Radiation  data  has  been  generally 
obtained  with  cobalt  60  sources .  The  equivalency  of  this  data  to  that 
which  would  result  from  actual  space  exposure  is  perhaps  a  gross  assumption. 
d.  There  is  a  distinct  lack  of  uniformity  in  the  test  conditioning,  especially 
when  combined  (i.e.  radiation,  vacuum,  and  heat)  environments  are  involved. 

3.  There  is  very  little  consistency  used  to  report  the  data;  same  "authorities" 
use  rads,  others  use  reps.  Some  report  absorbed  dose,  absorbed  dose  rate, 
or  ever,  power.  In  addition,  the  data  is  liberally  spread  between  e.g.s. 
ana  engineering  units  of  about  a  dozer)  different  combinations. 

4.  Previous  polymeric  and  thermal  history  of  some  materials  Influence  the 
radiation  effects.  Such  data  is  usually  unknown  or  unreported  by  the 
investigator.  This  could  be  the  basis  for  seme  of  the  seeming  discrepan¬ 
cies  uctween  reporter  data. 

More  recent  but  limited  data  is  based  upon  a  closer  simulation  of  the 
space  raalati  :...  Tue  lack  of  "space"  data  becomes  even  mar  p-fnte.i  when 
combine!  environments  (i.e.  vacuum,  radiation,  and  heat)  are  involved.  Again, 
the  principal  limitation  has  been  one  of  sdequat;  test  facilities.  Further, 
such  data  that  does  exist  usually  merely  Involve.)  the  exposure  of  the  material 
to  the  combined  environment,  but  doesn't  simultaneously  test  the  properties 
fe.r.  tensile  strength).  Lubricants  and  bearings  appear  to  be  the  only  types 
of  material  which  have  been  functionally  tested  to  a  clgnit leant  extent  in 
a  space  environment,  and  the  results  are  presented  In  the  applicable  sections 
of  the  Handbook. 

Since  expanaable  f '  r  ■*  .u  „  utilize  materials  In  "unconventional" 
design  or  utilize  unconventional  materials  or  material  combinations  In 
conventional  designs,  it  is  extremely  important  that  adequate  testing 
substantiate  the  choices  for  the  particular  mission.  Unfortunately,  the 
testing jtr_carried  out  in  the  mission  ltsell  and  not  prior  to  launch.  The 
lack  of  testing  is  generally  ascribed  to  (a)  shortage  of  adequate  facilities 
to  properly'  ascertain  the  functioning  reliability  of  the  material,  (b)  the 
lack  of  sufficient  time  to  conduct  such  testing  prior  to  "freezing"  of  the 
design,  and  (c)  the  often  exorbitant  cost  in  conducting  sufficient  testing 
to  satisfactorily  define  the  characteristics  of  the  material  in  the  specific 
environment  to  be  encountered. 

Technical  progress  In  the  development  of  new  and/or  improved  materials 
will  peialt  a  more  effective  choice  to  be  made  for  a  given  mission  and  function, 
but  the  ability  to  make  the  best  compromise  between  allowable  design  parameters 
and  materials  properties  depends  upon  the  knowledge  of  the  relative  importance 
of  each  factor  entering  into  the  design.  This  is  partially  due  to  the  inter¬ 
dependence  of  many  material  properties  ana  the  feasibility  of  shifting  a  given 
material's  properties  by  modification  of  fabrication  techniques  (e.g.  heat 
treat  temperatures  for  metals  and  curing  pressure  of  laminates). 
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It  Is  evident  that  aerospace  expandable  structures  vill  involve  a  broad 
spectrum  of  material  needs,  Some  c C  these  are  being  met  today,  uthers  will 
require  improvements.  In  sane  cases,  „hese  improvements  merel-j-  depend  upon 
suffic'ant  budget  to  develop  the  data.  In  others,  a  scientific  or  technical 
'’break-through"  is  indicated.  Our  investigation  of  the  expandable  structures 
state  of  the  art  pointed-up  the  fact  that  these  material  limitations  were 
usually  the  detemlnlng  factors  in  distinguishing  between  so-called  first  and 
second  generation  expandable  structure  concepts.  Our  analysis  also  resulted 
in  the  following  conclusions  and  recommendations  concerning  the  specific 
types  of  materials  of  most  interest. 

Primary  Materials: 

Metals  -  There  has  been  insufficient  data  reported  on  the  effects  of  cold- 
work  history  on  the  mechanical  properties  of  thin  foils,  metallic  films,  and 
fibers.  It  is  known  that  highly  cold-worked  material  exposed  to  both  low 
pressure  and  radiation  can  evaporate  preferentially  at  high  energy'  sites, 
i.e.  sites  of  dislocation,  stacK-up,  or  grain  boundaries,  at  much  lower 
temperatures  than  predicted  by  the  Langmuir  equation.  While  the  rates  would 
probably  be  low,  this  preferential  attack  could  not  only  affect  the  optical 
properties  of  the  surface,  but  may  act  as  significant  stress  ccneentratl on 
factors.  r  'ere fore,  an  Investigation  into  the  quantitative  behavior  of  these 
materials  w'.ler  ambient  as  well  as  space  conditions,  appears  ir  order  3.-,  that 
design  allowables  can  be  established. 

Although,  by  proper  choice  of  metals,  in-apace  utilization  for  expandable 
structures  has  been  found  generally  satisfactory,  a  significant  amount  cf 
development  is  still  required  for  the  reentry  mission.  For  such  application, 
present  design  efforts  are  limited  by  a  lack  of  design  allowables  for  metal 
fibers  and  fabrics,  particularly  in  biaxial  stress  and  fatigue.  Cue  to 
variations  in  crimp,  twist,  and  tension  created  during  the  various  plying 
and  weaving  operations,  even  simple  tensile  properties  of  the  fabrics  are 
not  sufficiently  known,  especially  in  a  high  thermal  input  environment.  It 
is  also  necessary  vhat  better  correlation  between  the  properties  cf  the 
fibers  and  of  the  woven  textiles  be  established.  This  must  include  the 
determination  of  the  effect  of  weave  upon  mechanical  (e.g.  biaxial.)  strength. 

The  present  operational t  hermal  capabilities  of  these  thin  fibers  are 
limited  to  1300-1500°F. ;  acme  expandable  earth  orbital  reentry  configurations 
have  a  potential  of  l800-f200°F.  To  date,  the  high  temperature  refractory 
alloys  have  been  hindered  by  a  lack  of  adequate  oxidation  protection.  In 
order  to  achieve  flexibility  in  the  fabric,  thinner  fibers  may  be  required. 

Unfc  rtunately,  the  effect  of  oxidation  then  becomes  more  pronounced  due  to 
the  decrease  in  erossectton&l  area.  The  development  of  oxidation  prevention 
coatings  has  been  initiated  via  several  ASD  contracts,  but  considerable  effort 
still  appears  required  before  a  reliable  system  will  be  made  available. 

Preliminary  data  indicates  that  the  comparatively  rigid  aluninides, 
beryllldes,  and  silicides,  and  elastomeric  organo-silicone  coatings  ore 
among  the  more  likely  candidates. 

Air  permeability  and  shock-loading  of  these  "reentry"  fabrics  have 
received  only  minimal  attention;  most  of  it  being  theoretical,  very  little 
experimental.  However,  this  is  somewhat  understandable  since  very  little 
of  such  fabrics  have  been  made  available  to  date. 
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Films  -  This  category  of  materials  provides  the  lightest  weight  and  most 
foldable  expandable  structures .  However,  other  than  H-Flla,  t.Jje  typical  ones 
(e.g.  Hylar,  Tedlar,  Aclar,  auu  Saran)  considered  for  this  use,  are  signifi¬ 
cantly  sensitive  to  the  combined  effects  of  natural  space  radiation  and 
vacuum.  Scattered  data  indicates  that  vactnns  deposition  of  metallic  coatings 
alleviates  the  radiation  degradation.  Since  tue  stability  of  these  fliac  In 
vacuum,  alone,  is  quite  good,  temperature  then  becomes  the  determining  factor. 
Here  too,  the  new  H-Flim  appears  to  be  better  Bulled  for  usage  in  space  than 
the  other  films  due  to  its  better  retention  of  mechanical  and  physical  properties 
at  high  temperatures.  For  example}  the  Zero  Strength  Temperature  (20  pst  load, 

5  sec.  to  failure)  for  H-Film  Is  reported  to  be  800°C,  as  compared  to  230°tl  for 
Jtylar.  However,  this  film  is  not  heat-sealable,  An  adhesive  Is  needed  which 
will  result  in  bond  strengths  comparable  to  the  film  strength,  have  the  radia¬ 
tion  and  thermal  stability  of  H-Flla,  and  add  little  to  total  weight  and 
fabrication  cost. 

Slant caera  -  Butyl  and  polysulfide  elastomers  must  be  protected  from  tint 
space  environment.  Batumi  rubber  la  limited  to  non-ozone  containing  atmos¬ 
pheres.  Other  than  silicone  elastomers,  the  others.  Including  the  fluorine 
containing  types  are  temperature  limited,  especially  if  subjected  to  abnormal 
doses  of  nuclear  radiation.  Requirements  for  flexibility  below  -70°F  are 
limited  to  the  use  of  silicone  elastomers.  Use  of  short  chain  elastomers  or 
inclusion  of  plasticizers  in  elastomers  are  not  recommended  for  apace  applica¬ 
tions  due  to  the  higher  volatility  of  these  materials.  It  Is  apparent  that 
elastomers  must  be  chosen  with  considerable  care  when  used  in  expandable  struc¬ 
ture  systems,  even  though  they  are  not  normally  considered  the  load  bearing 
member  of  the  structure  (l.e.  fibrous  reinforcements  are  added  to  carry  the 
loads),  since  the  primary  functions  of  the  elastomers  are  to  control  per¬ 
meability  and  provide  oxidation  protection  to  metallic  fibrous  reinforcements, 
design  data  for  these  characteristics  are  needed.  Sane  of  this  Information 
Is  presently  available  on  the  base  stock,  and  ean  be  used  Tor  comparative 
purposes,  but  design  allowables  can  not  be  extrapolated  from  these  values; 
the  actual  coated  fabric  under  consideration  must  be  tested.  There  Is  presently 
insufficient  data  of  this  type. 

Since  the  thermal  properties  of  even  silicone  elastomers  are  quite 
marginal,  the  development  of  better  elastomers  for  extreme  thermal  and  radia¬ 
tion  environments  are  considered  necessary. 

Textiles  -  This  class  of  materials  Is  certainly  as  Important  tc  expandable 
structures"  as  any  otter  material  class.  If  not  the  most  Important.  It  can  be 
used  alone  (parachutes),  coated  with  rigid  or  elastomeric  polymers,  sandwiched 
with  films,  or  laminated  Into  a  multi-ply  structure.  The  continuous  filament 
fibers  a re  generally  preferred  to  the  staple  variety  for  space  systems 
because  of  their  higher  strengths.  These  fibers  are  used  individually  car 
as  woven  goods. 

The  worst  textile  problems  occur  during  reentry;  primarily  due  to  aero¬ 
dynamic  heating.  The  commercially  available  organic  fibers,  with  temperature 
limits  of  5009?  (50jt  strength  retention  of  0->7  mil  diameter  HT-1  fibers  after 
ID  minute  exposure)  are  of  no  use  at  reentry  temperatures .  Although  experi¬ 
mental  runs  at  polybenzimidazole  (FBI)  fibers  show  promise  of  an  added 
100-150°F,  the  principal  attach  cm  the  high  thermal  regime  is  being  made  with 
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ceramic  fibers,  and  the  afore-mentioned  auperallqy  and  refractory  metal  fibers. 
The  problems  involved  with  the  aetal  fibers  have  been  mentioned.  The  limita¬ 
tions  to  the  use  of  high  strength  and  high  modulus  ceramic  fibers  (fiberglass, 
leached  fiberglass,  and  quartz)  are  principally  based  upon  their  inherent 
brittleness,  complicating  handling  and  manufacturing,  and  difficulty  to  bond 
with  organic  polymers',  thereby  preventing  efficient  load  transference  frost 
♦he  wnter  ana  more  elastic  matrix  materials. 

There  should  be  a  continuation  of  the  broad  industry  and  A8D  approach  to 
resolving  the  different  levels  and  combinations  of  aerospace  textile  require¬ 
ments,  especially  in  the  areas  of  continuous  ceramic  oxide  filament  forming 
and  high  modulus  fiber  flexibility.  The  development  of  adequate  manufacturing 
techniques  and/or  surface  finishes  for  quartz  should  be  pursued  so  that  mechan¬ 
ical  properties  close  to  theoretical,  can  be  achieved. 

Whereas  the  basic  organic  fibers  are  limited  to  temperatures  belov  1000°?, 
the  pyrolized  or  fired  organic  fibers  can  be  used  to  at  least  5500°?,  depending 
upon  the  degree  of  conversion  to  pure  carbon.  Although  their  strengths  are 
less  than  that  of  their  precursor  organic  fiber,  their  strength  retention  at 
reentry  temperatures  is  excellent.  However,  as  in  the  case  of  refractory 
metals,  the  main  difficulty  in  their  use  as  reentry  textiles  is  due  to  their 
rapid  degradation  in  the  oxidizing  atmosphere  present  during  reentry.  Pre¬ 
liminary',  but  success  Ail, attempts  to  resolve  thit  problem  by  converting  the 
fibrous  carbon  to  high  temperature  carbides  and/or  coating  the  carbon  fibers 
with  transition  group  metals,  have  been  reported.  The  next  phase  should  be 
their  evaluation  under  reentry  conditions.  Depending  upon  strength  and  fabric- 
ability,  such  materials  could  represent  a  significant  break-through  in  collaps¬ 
ible  reentry  deceilerators. 

Elastomer  Coated  Fabrics  -  This  type  of  construction  1b  the  basis  of 
most  structural  load  bearing,  pressurized  expandable  structures.  As  previously 
indicated,  the  elastomer  provides  a  permeability  control  and  also  protects  the 
fibrous  substrate  from  the  initial  impact  of  the  surrounding  environment, 
including  the  ultraviolet  and  vacuum  of  space.  The  primary  loads  are  assumed 
to  be  carried  by  the  textile.  However,  in  most  cases  the  surface  temperature 
will  dictate  the  choice  of  fabric  as  veil  as  the  coating. 

Several  elastomers  and  glass-frit  loaded  elastomers  are  being  evaluated 
os  coatings  for  reentry  metallic  fabrics.  The  loaded  system  la  apparently 
more  effective  than  the  elastomer  alone.  But  its  operational  reliability  is 
more  questionable  since  it  is  dependent  upon  careful  sequential  timing  and 
thermal  input  during  the  reentry  cycle.  It  is  particularly  critical  between 
the  tiac/tomperature  moment  when  the  elastomer  matrix  significantly  degrades, 
and  the  moment  when  the  frit  vitrifies  and  coalesces  sufficiently  to  be 
retained  on  the  fabric.  Since  this  technique  is  so  highly  sensitive  to  the 
reentry  time/temperature  profile,  it  will  be  necessary  to  carry  out  final 
proof  testing  in  space.  However,  prior  to  this  flight  testing,  formulation 
improvements  must  be  sought,  and  considerable  testing  carried  out  to  establish 
the  parametric  time /temperature  values  and  their  attendant  realistic  tolerances. 

Resins  -  Expandable  structure  usage  ol  resins  range  from  teflon  and  nylon 
bearings  to  space  rigidized  epoxy  laminates .  Space  environmental  data  is  lacking 
on  the  thermosetting  resins  by  themselves;  scaevhat  more  data  is  available  on 


thermosetting  resin/fiberglaas  laminates  and  the  the Tnoplastic  resine. 

Pi'ict-oael  tenting  of  nylon  and  teflon  has  also  been  carried  out  in  simulated 
space  environments.  In  general,  it  has  "been  found  that  the  fully  polymerised 
resins  are  quite  stable  in  vacuum  alone,  hut  degrade  at  various  rates  with 
Increasing  radiation  and  temperature. 

At  this  point  it  would  be  quite  simple  and  expected  to  express  a  desire 
for  "better"  (stronger  and  more  space-stable)  resins.  But,  in  examining  the 
realistic  resin  needs  for  expandable  structures  and  comparing  them  to  the 
available  types  and  sub-types,  we  are  confronted  with  the  fact  that  the  off- 
the-shelf  resin  systems  have  only  been  barely  exploited  for  expandable  struc¬ 
tures.  For  example,  apace  rigidization  via  vapor  catalisation  has  been 
examined  primarily  with  respect  to  epoxy  and  urethane  systems.  Does  this 
mean  that  the  oxygen  cured  polyesters  are  not  usable?  Can  we  likewise  stipu¬ 
late  at  this  time  that  FVC  is  the  best  resin  to  use  in  rigidizing  via  plastic¬ 
izer  volatilization?  Obviously  not.  The  number  of  alternate,  mid  possibly 
better,  resin  choices  for  the  space  converted  systems  are  particularly 
susceptible  to  further  examination. 

As  previously  noted,  the  organic  polymerB  are  not  suitable  for  reentry 
systems  (except  as  ablation  materials).  Since  in-space  structure  temperatures 
will  be  somewhere  between  -150°  to  300°F,  depending  upon  the  absorptivity/emis- 
sivity  ratio  of  the  external  surface  of  the  structure,  there  is  presently  no 
shortage  of  resin  systems  which  can  be  used  (temperature  stability  being  the 
criteria). 

On  the  other  hand,  reentry  conditions  point  up  an  interest  in  maintaining 
the  investigation  of  new  organo-inorganic  and  chelating  polymers  at  a  respeet- 
ible  level,  until  a  useful  and  practical  system  1b  developed.  At  such  time, 
tne  effort  -hduii  be  «.ee«*lerated. 

A  particularly  interesting  use  of  resins  (in  the  forms  of  films  or 
coatings)  for  expandable  structures  is  based  upon  techniques  which  will 
cause  the  resin  to  degrade  to  the  point  of  being  readily  dlssapated  in  the 
space  environment.  These  space  degradable  materials  offer  the  opportunity 
of  developing  an  initial  a/t  different  than  that  required  for  the  operational 
thermal  balance  of  space  structures.  For  example,  a  high  temperature  surface 
would  be  needed  for  many  of  the  chemical  and  physical  rigidization  processes 
being  considered.  However,  such  temperatures  (i.e.  250-350°F)  are  considerably 
higher  than  that  permitted  for  manned  operations.  Therefore,  it  is  necessary 
that  the  initial  surface  characteristics  which  can  develope  the  above  high 
temperatures  for  rigidization,  be  removed  or  modified  so  that  the  lower  opera¬ 
tional  temperatures  can  he  obtained.  A  number  of  possible  techniques  which 
might  be  utilized  to  create  such  a  self -correctable  surface,  present  them¬ 
selves  and  should  he  investigated.  The  space  degradable  type,  which  can  have 
suitable  pigmentlng  characteristics  itself,  can,  in  turn,  be  broken  down  to 
several  different  possible  mechanisms: 

A.  Polymeric  materials  which  are  readi-iy  vaporized  at  the  low  pressures  avail¬ 
able  in  space  but  which  are  sufficiently  stable  during  the  Initial  rigidiza¬ 
tion  operation. 


-  665  - 


B.  Thermal  degradation  of  the  polymer  to  the  point  of  obtaining  chain 
scission,  creating  lower  molecular  weight  fractions  which  are  readily 
vaporized. 

C.  Activation  of  the  polymeric  specleB  to  form  an  Increased  number  of 
selectively  created  free-: adlcals  watch  do  not  have  a  high  probability 
of  cross-linking  due  to  a  more  stable  configuration  of  the  polymer 
(e.g.  steric  hindrance).  This  might  be  accomplished  By  radiation 
and/nr  heat  alcn»,  or  In  conjunction  with  selectively  chosen  free- 
radical  activating  initiators. 

Other  techniques  might  be  any  combination  of  those  mentioned  above  or 
possibly  completely  different  approaches. 

Although  such  materials  have  an  obvious  usefulness  for  “in-space" 
processing,  no  significant  activity  along  these  lines  were  detected  during 
the  Survey. 

Foams  -  Although  the  foams  herein  considered  are  based  upon  organic 
polymers,  we  classify  them  separately  from  the  Resins  and  Elastomers  groups 
since  they  very  specifically  affect  a  large  number  of  expandable  structure 
configuration  concepts.  Most  of  the  "earth"  foamed  systems  (epoxies,  phenolies 
silicones,  polyurethanes,  etc.)  could  be  "expanded1  in  space  as  panels. 
"Iu-space"  foaming  has  been  generally  limited  to  polyurethanes.  Solar  col¬ 
lectors,  meteoroid  barriers,  and  thermal  Insulation  are  presently  attracting 
nnst  of  the  "in-epace"  foaming  interest.  Although  quite  a  variety  of  tech¬ 
niques  for  foaming  "ln-spaee"  are  being  evaluated,  very  little  Quantitative 
comparison  has  been  carried  out,  either  with  respect  to  each  other,  or  In 
comparison  to  similar  foams  prepared  under  "earth"  conditions.  Until  such 
data  is  obtained,  realistic  design  allowables  can  not  be  establishes  Thi6 
will  necessitate  the  use  of  very  conservative  values  in  designating  the 
strength  or  stiffness/welght  ratio  of  the  system. 

Laminates  and  Sandwiches  -  These  two  cxaoses  of  material.-  provide  higher 
strength  and  hlgner  modulus  to  weight  ratios  than  that  which  can  be  obtained 
with  the  materials  previously  Indicated.  They  can  be  fabricated  on  earth  or 
in  space.  They  offer  the  only  serious  potential  competition  to  the  various 
conventional  metallic  structures  being  considered  for  man-in-space  operations, 
particularly  the  orbital  vehicle  types. 

As  on  earth,  the  optimum  material  combination  for  such  application  would 
be  a  rigid  res In/ filament  vound  structure.  The  feasibility  of  deploying  and 
rigidizing  such  a  system  in  even  a  simulated  space  environment  has  yet  to  be 
demonstrated.  But  this  approach  is  especially  attractive  since  the  materials 
are  basically  off-the-shelf;  the  principal  development  effort  oeing  In  the 
folding,  packaging,  and  deployment  of  the  lay-up  without  causing  fiber  distor¬ 
tion.  This  will  involve  optimization  of  tackiness,  viscosity,  barrier  films, 
•etc;  all  of  which  are  apparently  within  the  present  state  of  the  art.  The 
feasibility  of  this  concept  should  be  verified  as  soon  as  possible  so  that  it 
can  be  given  realistic  consideration  in  our  present  space  ventures;  a  small 
delay  now  could  easily  eliminate  It  from  space  designs  for  quite  acme  time 
since  first  generation  manned  orbital  modules  are  being  designed  now.  An 
evaluation  of  such  scope  should  Include  the  ccsnparison  of  the  mechanical  proper 
ties  of  the  space  rigidized  system  with  those  of  an  identical  terrestrial 
rigldlzed  one. 
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Similar  c caparisons  should  also  be  carried  out  with  the  more  conven¬ 
tional  laminate  and  sandwich  lay-ups.  An  evaluation  with  respect  to 
generally  accepted  conservative  design  allowables,  such  as  specified  In 
KXIr-HISK-17  and  MIL-HKBK-23,  respectively,  should  be  included. 

Ancillary  Materials; 

Sealants  -  Since  sealants  are  normally  protected  from  the  space  environment 
by  the  adjacent  structure  (except  at  the  edges),  most  commercial  formulations 
will  have  sane  applicability.  Therefore,  only  very  limited  sealant  research 
has  been  carried  out  specifically  for  space  usage.  Other  than  silicone  RTV 
types,  most  roam  temperature  curing  systems  will  be  Halted  to  -75°  275°F* 

The  silicones  have  a  useful  range  of  -100°  to  500®F. 

With  regard  to  expandable  structures,  low  priority  Is  indicated  for  the 
development  and  evaluation  of  improved  high  strength,  roam  temperature  curing 
sealants  with  vide  temperature  stability.  These  could  include  polyester  and 
fluorinated  types.  Cn  the  other  hand,  the  development  of  better  and  simpler 
systems  for  in-space  repair  should  be  accelerated. 

Self-Sealants  -  The  mechanical  types  appear  to  be  the  most  useful  at 
this  time.  These  include  compacted  closed  cell  flexible  polyurethane  foams, 
restricted  thin  film  mlcro-teflons,  and/or  retained  laminated  rubber  fabric 
elastomeric  sealant  combinations.  There  Is  a  distinct  lack  of  design  data, 
as  well  as  feasibility  or  workability  Information  regarding  other  self-sealing 
concepts  such  as  chemical  reactant  sealants,  latex  sealants,  and  swelling 
sealants. 

Adhesives  -  "Earth"  cured  structural  adhesives,  conforming  to  M1I/-A-5092D, 
ere  useful  for  expandable  structures  within  the  same  temperature  limitations 
that  they  have  cm  earth.  There  is  a  need  for  better  roan  temperature  curing 
adhesives  which  offer  the  high  strength  properties  presently  found  only  with 
the  heat  cured  systems.  As  noted  previously,  banding  of  H-Pllm  is  still  a 
problem.  The  use  of  presently  available  100£  solids  structural  adhesives 
appears  feasible  for  ln-space  fabrication  or  repairs  of  semi -structural  and 
non-structural  assembiJ.es,  but  the  actual  techniques  have  as  yet  to  be  defined. 
Solvent  release  adhesive  systems  are  not  considered  useful  for  ln-space 
bonding  due  to  the  difficulty  of  controlling  the  dissipation  of  the  solvents, 
and  the  shrinkage  usually  encountered  with  this  type  system  as  the  solvents 
are  removed. 

"fr. -space"  adhesive  bonded  Joints  should  be  evaluated  in  comparison  with 
"earth"  fabricated  ones. 

lubricants  -  The  principal  use  of  lubricants  for  expandable  structures 
Involves  the  hinged,  geared,  or  telescoping  systems.  Unless  lubricants  are 
used,  cold- welding  of  these  structures  can  occur.  Lubricants  currently  used 
or  proposed  for  use  on  first  generation  expandable  structures  appear  to  be 
suitable  for  second  generation  structures.  Bo  technological  breakthroughs 
seem  necessary,  although  some  design  problems  still  exist.  Extensive  Informa¬ 
tion  is  available  on  the  properties  of  most  lubricants,  but  considerable 
disagreement  exist  on  apace  environmental  effects  upon  tylon  and  teflon. 
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The  particular  choicea  of  lubricant  for  expandable  structures  should  be 
verified  by  teste  simulating  the  actual  service  conditions  as  closely  as 
possible.  Only  minor  testing  has  been  carried  out  on  lubricants  operating 
under  high  torque  combined  with  high  rpo  while  exposed  to  the  space  environment. 

Coat lags  -  Fabric  permeability  control  is  the  most  Important  use  of 
coatings  for  expandable  structures.  Passive  thermal  control  is  next  in  sig¬ 
nificance.  The  protection  of  organic  polymers  from  radiation  degradation  and 
the  protection  of  fibers  from  (nidation  complete  the  areas  of  usage.  The  same 
general  types  of  thermal  control  coatings  will  probably  be  used  for  second  as 
well  as  first  generation  systems.  Organ  ic  baae  paints  are  being  primarily 
used  as  thermal  control  coatings  in  space  instead  of  the  more  3table  inorganic 
ones  due  to  the  ease  of  application  and  low  cost  of  the  former  type. 

Self-thermostatic  coatings!  with  their  a/t  ratio  changing  with  the  thermal 
input,  could  minimise  temperature  fluctuations  of  space  structures.  Very 
little  information  on  these  special  coatings  appears  in  the  literature.  A 
systematic  survey  of  industrial  and  government  activities  to  develop  self- 
thermostatic  coatings,  should  be  conducted.  Based  upon  the  results  of  a«ch 
a  survey,  an  optimisation  program  should  be  initiated  to  develop  and  eval  ate 
such  materials  for  use  on  expandable  structures  (and  ether  aerospace  devices). 
This  subject  is  further  discussed  under  Radiation  Absorbers. 

Thermal  Protection  Materials  -  In  addition  to  their  use  as  temperature 
controlling  systems  for  deployed  structures,  these  materials  can  also  perform 
specific  critical  operational  tasks  in  certain  expandable  structures  designs 
(e.g.  thermal  control  of  cheaical  or  physical  rigidisation  processes  and 
provide  part  of  the  foldable  envelope  in  the  (COS.,  personnel  recovery 
concept ) . 

Conventional  insulation  and  passive  thermal  control  coatings  appear  satis¬ 
factory  for  most  in-space  operations.  However,  as  could  be  expected,  reentry 
presents  a  considerable  challenge  in  this  category.  From  the  standpoint  of 
simplicity,  the  flexible  ablatorB  are  of  the  most  interest.  Unfortunately, 
very  little  published  literature  was  found  concerning  them;  none  of  it  being 
design  data.  Extensive  work  will  be  required  to  obtain  such  information. 

The  importance  of  the  task  warrants  early  action. 

Inflation  Materials  -  Inflation  or  pressurization  materials,  other  than  the 
well-known  bottled  gasses,  cam  provide  the  necessary  deployment  of  neny  types 
of  expandable  structures.  Including  those  which  are  rigidized  by  chemical  tech¬ 
niques  in  addition  to  those  which  are  stabilized  by  the  self-same  deployment 
pressure.  Our  investigation  elicited  the  Identification  and  quantities  of 
some  of  the  subliming  at-  rials  used  (e.g.,  benzoic  acid,  anthroquinone,  etc.) 
However,  the  data  was  considered  insufficient  to  warrant  its  inclusion  in  the 
Handbook  at  this  time.  A  specific  survey  of  the  literature  and  pertinent 
organizations  utilizing  these  inflation  Materials,  should  be  conducted  in 
order  to  more  closely  define  the  state-of-the-art. 

Blgidizatioo  Materials  -  Many  of  the  chemical  and  physical  rigidisation 
processes  applicable  to  expandable  space  structures  utilize  activating  or 
inhibiting  agents.  These  include  such  off-the-shelf  items  as  blowing  agents 
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and  peroxide  catalysts.  Molecular  sieves,  being  never,  offer  less  variety, 
but  can  often  be  tailored  to  specific  requirements.  In  varying  degrees, 
these  materials  represent  weight  penalties  and  contamination  In  the  system. 

It  is  suggested  that  data  be  obtained,  on  a  lew  priority  basis.  Indicating 
the  relative  merits  of  typical  commercial  blowing  agents,  when  used  with  stan¬ 
dard  resins  in  a  typical  space  environment.  On  a  similar  schedule,  the  space 
rlgidlzation  effectiveness  of  peroxide  catalysts  in  conjunction  with  various 
polyesters  (i.e.,  thermal  and  ultraviolet  activated  latent  premixed  systems, 
and  vapor  catallzatlon)  should  be  determined. 

Radiation  Absorbers  -  This  class  of  materials  Is  included  because  of  its 
effect  upon  thermal  control  coatings,  films,  laminates,  elastomers,  etc. 

Sene  ultraviolet  absorbers  effective  on  earth  are  not  necessarily  usable  for 
spaee  applications  due  to  their  high  volatility  in  a  vacuum.  For  example, 
benzophenone  and  benzotrla2ole  types  are  much  less  effective  In  space,  whereas 
the  benzoyl  substituted  ferrocene  compounds  maintain  full  capability,  especial¬ 
ly  when  exposed  to  ultraviolet.  Long  term  usage  in  space  further  complicates 
the  choice  since  most  radiation  absorbers  gradually  weaken  with  time,  cycling, 
and  intensity  of  incident  radiation.  The  data  In  the  literature  indicates  a 
sporadic,  and  often  qualitative,  examination  of  these  variables  and  their 
effect  upon  expandable  structure  materials  in  a  space  environment.  A  more 
definitive  approach  Is  required.  For  example,  a  concerted  effort  should  be 
made  to  develop  such  information  on  typical  expandable  structure  polymers 
In  the  operational  forms  (e.g.  films,  coatings,  laminates,  etc.),  and  which 
contain  the  more  useful  antl-rads,  permitting  a  comparison  with  the  "normal" 
polymer  formulations.  Thus,  actual  design  data  can  be  obtained  rather  than 
merely  Indications  of  which  antl-rads  are  better  than  others. 

Although  not  actually  radiation  absorbers,  the  thenaotropic/photochranic 
materials  represent  an  almost  untapped  field  of  thermal  and/or  radiation  control, 
particularly  the  reversable  types.  This  results  from  the  condition  that,  in 
general,  thermal  control  coatings  which  have  been  applied  to  aerospace  struc¬ 
tures,  are  basically  of  a  constant^/*  ratio  (except  as  gw.dxal  conges  occur 
with  time  due  to  degradation  of  some  of  the  vehicles  and  plguients  used).  A 
thermostatic  or  aelf -regulating  thermal  coating,  having  a  variable  ratio, 
could  effect  a  stabilization  of  the  temperature  regardless  of  the  motion  of 
the  structure  with  respect  to  such  energy  sources  as  the  sun.  During  the 
Survey,  It  became  apparent  that  very  few  organizations  were  actively  research¬ 
ing  this  problem.  Two  basic  approaches  to  this  concept  seemed  to  cover  what 
little  information  was  revealed.  One  type  involves  chemical  compounds  which 
have  variable  transmission  characteristics,  depending  upon  inradiation  frequency 
and  intensity.  The  second  type  is  based  upon  the.  use  of  issslscible  materials 
which  are  "cloudy"  until  irradiated  or  heated,  whereupon  the  solubility 
increases  and  the  material  mixture  becomes  transparent.  Interestingly, 
the  first  type  particularly,  suffer  the  same  fatigue,  evidenced  by  lack  of 
longevity,  as  typical  radiation  absorbers. 

Permeability  Membranes  -  Membranes  having  known  and  controlled 
permeability  ♦o  specific  vapors  are  required  for  certain  chemical  and  physical 
rlgidlzation  techniques.  Very  little  data  has  been  collected  and  collated  on 
this  subject.  A  survey /literature  search  pertaining  to  It  would  minimize 
duplication  of  evaluations  and  Indicate  probable  membrane  systems  for  a  given 
application. 
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FROCKSSIKG  -  Similar  to  conventional  aerospace  structures,  the  expandable 
types  have  been,  and  will  be,  essentially  fabricated  on  earth.  However,  expand - 
abies  as  a  class,  involve  more  in-spaee  operations  than  others,  especially 
with  regard  to  their  deployment  and  rigidizatior..  These  expandable  structure 
ln-space,  niin-functlonal  operations  include: 

1.  Assembly  of  preformed  components  (furniture,  partitions,  etc.). 

2.  Fabrication  of  structures  (chemical  or  physical  rlgldizatlon). 

3.  Modification  of  structure  (addition  of  "hard-polnts"  and  modules, 
porting,  etc.). 

4.  Repair  of  damaged  structure  (meteoroid  penetration). 

5.  Maintenance  of  structure  (lubrication,  rescaling,  recoating,  etc.). 


As  can  be  expected,  these  ln-space  operations  are  considerably  more 
limited  In  scope  than  comparable  ones  carried  out  on  earth.  For  example, 
adhesive  bonding  with  presently  available  adhesive  systems  to  meet  the 
mechanical  property  requirements  of  MH/-A-5090E  or  MIL-A-?SW>3,  necees- 
sltateci  certain  minimum  substrate  surface  preparations  and  specific  cure 
cycles.  Assuming  that  the  surfaces  could  be  prepared  on  "earth"  and  main¬ 
tained  in  the  desired  condition  until  bonded  In  space,  the  need  for  high 
pressures  and  high  temperatures  for  the  cure  cycle  would,  at  present,  prevent 
the  attainment  of  the  desired  bond  props rtle°  A  similar  situation  exists 

with  regard  to  same  laminating  and  sealing  systems.  The  development  of 
ln-space  curing  techniques  for  polymeric  systems  requiring  high  temperatures 
and/or  high  pressures  does  not  appear  to  involve  technical  "break-throughs", 
but  the  properties  obtained  must  be  evaluated  in  terms  of  the  cost,  launch 
weight  of  facilities,  ln-space  processing  manhours,  etc.  At  present, 
neither  experimental  nor  analytical  Investigations  have  been  carried  out  to 
ascertain  the  advlseablllty  or  even  feas ability  of  conducting  many  of  these 
ln-space  processes.  For  example,  various  sealing  techniques  have  been  developed 
for  "earth"  processing.  However,  similar  operations  In  space  may  require 
sealant  reformulation,  or  modification  (or  even  complete  redesign)  of 
application  equljaent. 

Similar  problems  also  occur  in  the  "ln-opace"  coating,  bonding,  or 
laminating  processes.  Thus,  the  applicable  formulations  would  Involve  such 
considerations  as  packaging,  types  and  amounts  of  solvents,  viscosity,  tacki¬ 
ness,  storage  and  "pot”  life,  etc.  Considerable  effort  appears  warranted  in 
these  "ln-space"  processing  areas,  especially  for  long  term  space  missions. 

The  "ln-space"  processes  of  deployment  and  rlgldizatlon  are,  obviously, 
unique  to  expandable  structures.  However,  a  use  of  the  methods  utilized  are 
closely  akin  to  "earth"  techniques,  mechanical  deployment  via  hinges  being 
typical.  On  the  other  hand,,  the  chemical  and  physical  rlgldizatlon  methods 
are  generally  new  or  extensively  modified  "earth"  systems.  Therefore,  design 
data  ?"r  such  methods  Is,  at  best,  sparse.  For  example,  deployment  and 
rlgldizatlon  via  "plastic  memory"  is  potentially  a 3  Important  expandable 
structure  process  due  to  Its  inherent  simplicity.  But  published  information 
of  design  value  only  covers  the  use  of  polyethylene.  What  of  other  polymers, 
such  as  polypropylene,  which  have  better  thermal  and  mechanical  properties? 

As  previously  noted,  ln-space  foaming  is  receiving  considerable  atten¬ 
tion  for  such  applications  as  solar  collectors  and  meteoroid  barriers.  The 
principal  techniques  under  consideration  include  separately  contained  liquids 
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(double  tank  arrangement ) ,  encapsulated  liquid  reactants  mixed  with  solid 
co-reactant,  and  the  completely  solid  reactants.  These  processes  are  suscept¬ 
ible  to  considerable  variation  in  quality  of  product  due  to  number  of  com¬ 
paratively  uncontrolled,  or  difficult  to  control,  variables  when  carried  out 
In  a  space  environment.  To  date,  only  limited  success  has  becu  reported  in 
foaming  at  10"®  torrj  no  data  has  been  cited  between  10”°  -  10"9  torr. 

Another  problem  area  includes  the  difficulty  of  foaming  in  thin  sections. 

In  general,  the  data  has  only  involved  reusability,  not  design  allowables. 

Likewise,  what  little  investigations  of  "in-space”  molding  of  laminates 
and  sandwiches  which  have  been  or  are  being  conducted,  involve  only  fees  ability. 
Preliminary  data  should  be  obtained,  on  such  structural  panels  and  compared 
with  similar  panels  fabricated  in  an  "earth"  environment.  It  is  also  consid¬ 
ered  advise  able  that  accelerated  Investigations  be  carried  out  to  determine 
the  fabrication  variables,  and  their  importance.  Involved  in  the  overall  area 
of  space  rigidisation  systems  utilising  polymer/ reinforcement  combinations, 
with  particular  emphasis  being  given  to  the  impregnation,  handling,  packaging, 
storage,  etc.,  of  the  combined  systems. 

Expandable  structures  present  somewhat  unique  "timing"  problems  with 
respect  to  many  of  these  processes.  Thus,  certain  chemical  rigidlzation 
techniques  require  excessive  cure  times,  delaying  full  utilization  of  the 
structure.  likewise,  volatilization  processes  dependent  solely  upon  the 
vacuum  of  space  would  be  Halted  to  missions  involving  sufficient  time  to 
carry  cut  the  process.  Design  data  far  thin  process,  including  such  infor¬ 
mation  as  strength  versus  time,  is  presently  insufficient. 

Concern  with  process  time  also  refers  to  the  initiation  of  the  process. 

For  example,  "instant”  Initiation,  upon  command,  of  space  polymerization  . 
methods  is  considered  highly  deslreable;  its  attainment  is  usually  extremely 
difficult.  An  examination  of  possible  techniques  might  Include  such  trig¬ 
gering  devices  as  electrically  conductive  wires,  fibers  or  coatings,  pyro¬ 
technics,  encapsulated  reactants  ( encapsulating  coating  removes  upon  command), 
etc.  Their  evaluation  should  Include  such  factors  as  weight  penalties, 
reliability,  and  predictable  time  tolerances. 

The  shove  c assents  are  not  Intended  to  infer  that  the  only  expandable 
structure  processing  problems  occur  in  space.  Actually,  some  very  basic 
material  restrictions  exist  due  to  "earth"  processing  limitations,  gone 
typical  examples  can  he  cited: 

1.  Present  forming  of,  and  weaving  techniques  foij  high  strength,  high 
temperature  metallic  fibers  are  far  from  satisfactory;  design  allowables 
are  non-exiotant.  These  are  particularly  critical  items  with  regard  to 
reentry  recovery. 

2.  Handling  and  fabrication  variables  of  self -abrading,  high  temperature 
woven  textiles  (e.g.  quartz  and  leached  fiberglass)  should  be  investigated 
to  reduce  loss  in  basic  fiber  strength  due  to  these  factors. 
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In  summary,  it  can  be  stated  that  the  growing  interest  in  expandable 
structures  Is  a  consequence  not  only  of  significant  volume  and  weight  reduc¬ 
tions  attendant  to  these  concepts,  but  alBo  of  the  unique  configuration 
possibilities  inherent  in  deployment  and  rigidization  in  the  space  environ¬ 
ment.  However,  it  ir  evident  that  serious  questions  are  in  order  concerning 
the  present  feasibility  of  Base  of  the  expandable  structures  concepts  being 
propounded,  due  not  only  to  the  state-of-the-art  of  material  development  and 
testing  but  also  due  to  the  lack  of  a  thorough  knowledge  of  the  environment 
to  be  encountered  in  space  and  its  effect  upon  materials.  It  is  clear  that 
there  is  a  distinct  difference  between  a  logical  concept /material  combination 
and  a  feasible  one. 

It  has  also  become  increasingly  apparent  to  those  of  us  involved  in  the 
Study  that  a  closer  liaison  between  the  designers  and  the  .Materials  engineers 
is  going  to  be  essential  to  the  usage  of  expandable  structures,  particularly 
for  reentry  applications.  Many  of  the  trajectories  and  design  concepts  involve 
the  utilization  of  materials  in  constructions  and  environments  heretofore  not 
considered  in  "classical"  aerospace  engineering.  In  order  to  expedite  the 
progress  in  this  area,  it  is  necessary  that  the  material  requirements  be 
clearly  spelled  out  for  a  particular  mission  awl  configuration.  The  optimum 
choice  of  materials  may  be  available  off-the-shelf.  On  the  other  band,  a 
technical  "break-through"  mav  be  required,  Ks  have,  therefore,  reviewed  in 
this  paper  scce  of  the  problem  areas  rertainan*  the  uf  aerospace 

expandable  structures,  with  particular  regard  to  the  materials  utilized  in 
such  designs.  Some  of  these  problem  areas  are  presently  under  examination 
by  USD  and  other  Interested  government  agencies,  as  well  as  by  various 
industrial  organizations;  some  are  merely  in  the  "discussion"  stage.  The 
utilization  of  particular  expandable  structures  for  aerospace  applications 
will  be  contingent  upon  the  vigour  applied  to  many  of  these  areas  .--f 
unknown  feasability  and  design  data. 
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APPEJDIX  a 


-  DEFINITIONS  - 


AM  JILLARY  MATERIALS 

Those  materials  which  are  subordinate  to  the  basic  design,  but  can  be 
essential  to  the  operation  of  the  structure. 

DEPLOYMENT 

The  technique  which  pennies  the  expansion,  unfurling,  extension,  or  erection 
of  a  structure  from  a  compacted  packaging  arrangement  to  one  involving  a 
larger  dimension  or  enclosing  a  greater  volume  of  space. 

PRIMARY  MATERIALS 

Those  materials  which  are  fundamental  to  the  basic  concept  or  desi@i  of 
the  expandable  structure  device. 

RIGlDIZATiON 

The  technique  which  permits  a  deployed  structure  to  maintain  its  shape 
against  collapse  or  deformation. 


ON  THE  STRUCTURAL  BEHAVIOR  OF  INFLATED  FABRIC 
CYLINDERS  UNDER  VARIOUS  LOADING  CONDITIONS 

By  L.  Kovalevsky  and  F.  L,  Risk 

Space  and  Information  Systems  Division, 

North  American  Aviation,  Inc. 


The  use  of  rigid  structures  for  space  vehicle  applications  is  limited 
by  the  load  and  volume  requirements  imposed  on  the  structure  during  the 
boost  condition.  The  fixed  volume  of  a  rigid  structure  contributes  to  aero¬ 
dynamic  drag  and  the  structure  nr  st  be  designed  to  the  high  load?  and 
temperatures  occurring  during  boost,  the  rigid  structure  may  be  consid¬ 
erably  overdesigned  for  the  loads  and  temperatures  encountered  in  space. 
Consequently,  a  large  amount  of  interest  has  developed  in  using  inflatable 
structures  for  space  and  reentry  vehicle  applications. 

In  developing  structural  analysis  methods  for  inflatable  structures,  it 
is  iouuu  that  classical  methods  long  used  for  rigid  structures  do  not  apply. 
The  material  of  which  an  inflatable  structure  ordinarily  is  fabricated  is 
neither  isotropic  nor  orthotropic  in  behavior,  but  is  anisotropic.  Further¬ 
more,  when  non -metallic  materials  are  used,  die  large  deflection  behavior 
of  the  structure  must  be  accounted  for  as  a  result  of  large  strains  at  the 
design  stress  level. 

This  paper  introduces  an  analytical  method  for  predicting  structural 
behavior  of  inflatable  fabric  cylinders.  The  behavior  is  dependent  on  the 
anisotropic  and  the  large  deflection  stress-strain  characteristics  of  the 
fabric  material. 


PROPERTIES  OF  MATERIAL 


The  structural  behavior  of  inflated  fabric  cylinders  depends  upon  the 
properties  of  the  fabric  material  such  as  anisotropy  and  the  moduli  of 
elasticity,  A  typical  fabric  material  usually  consists  of  fibers  that  are 
placed  in  two  tor  more)  directions  and  impregnating  resin.  The  fibers  in 
one  direction  are  not  necessarily  of  the  same  spacing  or  material  as  the 
liters  in  the  orthogonal  direction.  Two  moduli  of  elasticity  are  usually 
.  defined;  one  for  tee  direction  of  each  of  tee  sets  of  titers.  For  any  direction 


which  is  not  parallel  with  one  of  fiber  directions,  the  effect  of  modulus  of 
elasticity  of  the  fibers  is  negligible  since  the  system  of  fibers  becomes 
essentially  a  mechanism.  A  third  characteristic  modulus  is  identified  with 
the  resin.  The  modulus  of  the  resin  is,  in  general,  much  smaller  than  the 
moduli  of  elasticity  of  the  fibers.  The  impregnation  material  can  be  regarded 
as  orthotropic  or  even  isotropic. 

Since  all  layers  of  fibers  and  impregnating  resin  work  together  without 
separation,  the  same  elongation  must  occur  for  each  element  of  the  com* 
posite.  It  is  necessary  to  work  with  the  anisotropic  modulus  of  elasticity, 
which  varies  with  the  angle  of  inclination  to  the  main  directions  of  fibers, 
as  illustrated  in  F  gure  1. 


Figure  1.  Modulus  of  Elasticity  (E^)  Versus  Fiber  Direction 


For  a  principal  direction  along  a  set  of  fibers  a  simple  approximate 
formula  can  be  derived: 


iEeff  =  E'i*'i  +  E  i  ** **i 

where 


£  =  Subscript  which  indicates  the  direction  of  the  fibers 
jEeff  =  Final,  combined  modulus  of  elasticity  in  i  direction 
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E’  =  Modulus  of  elasticity  of  fiber  material 
i 

E"j  =  Modulus  of  elasticity  for  impregnation 

Af  4 

ij  =  Concentration  of  fibers  =  — - 
‘  A 

A£  =  Total  area  of  fibers 

A  =  Total  area  of  fibers  +  Impregnation 

if  ",  =  Concentration  of  impregnation  =  Ar/A 

Ar  =  Area  of  resin. 


9'i  and  9"j  usually  arc  known  for  the  fabric.;  For  example,  the 
following  data  are  tabulated  for  l  ply,  4.  8  oz.  ,  2.  5  mil  thick  neoprene. 

Table  1.  Material  Characteristics 


Combined 

Concentration 

Moduli  of  Elasticity  lbs/ in  ^  j 

D:re  'tior. 

,E  ... 

f* 

rihfira  only 

Ir.ipa-eanation 

Fill 

35900 

0.  0426 

840000 

4000 

Warp 

0.  0522 

840000 

4000 

The  approximate  formula  jEfi££  can  be  checked  using  the  above  data. 
Fill  direction: 

.E  f£  =  840000  x  0.  0426  =  35800 

4000  x  0.  9574  =  3820 _ 

39620  lbs/in2 


%  35900 

(Difference  10%) 


Warp  direction: 

E  „  =  840000x0.0522  =  44000 
£  4000x0.9478  =  3800 

47800  lb/in2 


as  5570 

(Difference  16%) 
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The  results  are  satisfactory  in  view  of  the  uncertainty  in  the  value  of 
E  which  varies  with  the  material  and  may  even  vary  within  a  given  section 
of  material. 

It  may  be  concluded  that  if  the  direction  of  fibers  is  the  same  as  the 
direction  of  the  principal  stresses,  the  values  for  E  for  the  fill  and  the  warp 
directions  should  be  determined  from  uniaxial  tests.  These  values,  however, 
will  be  changed  considerably  if  the  fibers  are  placed  at  some  angle  to  the 
directions  of  principal  stresses.;  The  data  for  the  latter  case  should  be 
obtained  in  a  test  of  an  inflated  fabric  cylinder  for  which  the  fibers  are 
placed  at  some  angle  to  the  longitudinal  and  circumferential  directions. 

This  case  is  not  usually  encountered  with  cylinders,  but  it  is  very  important 
for  the  inflated  cone  where  all  fibers  cannot  be  in  the  circumferential  and 
longitudinal  direction. 

The  behavior  of  inflated  structures  is  further  complicated  even  for  one 
chosen  direction,  since  the  modulus  of  elasticity  varies  with  the  applied 
load.  This  variation  is  due  to  two  causes:  a)  the  actual  behavior  of  the 
material  of  the  fibers,  and  b)  the  tendency  of  fiber  to  straighten  under  load. 
(The  fibers  are  initially  curved  because  of  the  cross-directional  orientation). 

The  shear  modulus,  G,  is  a  function  of  a)  impregnation  material, 
><-nsi'>n  m  noers,  c)  concentration  of  libers,  and  d,‘  Inction  between  the 
fibers..  The  following  formula  has  been  found  to  reasonably  approximate 
G  (for  neoprene  material): 

G  a  1910  +  (5,7  -  0.  16p)  ^lbs/in. 

where 


G  z  Shear  modulus 
p  =  Internal  pressure  (Ibs/in.  ) 

®l  =  Stress  in  fibers. 

This  formula  has  been  verified  by  test  and  is  considered  to  be  a 
reasonable  approximation  for  neoprene  if  permanent  set  does  not  occur.  The 
history  of  loading  influences  the  material  behavior  very  much,  as  is  shown 
in  the  discussion  on  torsional  loads.. 
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ULTIMATE  BIAXIAL  STRESSES 


It  has  been  observed  in  tests  that  a  fabric  loaded  biaxially  will  fail  at 
a  lower  value  of  tension  tl  an  in  a  uniaxial  tesL  Therefore,  it  is  very 
important  to  be  able  to  determine  the  burst  strength  under  internal  pressure. 


Uniaxial  tests  performed  at  S&ID  on  2  ply,  4.  5  uz  ,  2.  5  mil.,  neoprene 
gave  the  following  data.  ■  ‘ 

Table  2.-  Uniaxial  Test  Results 


Direction 

Elongation 

Critical  Tensional  Stress 

Warp 

Fill 

19.  (>oto 

39..  4% 

709  lbs  /  in., 

454  lbs /in. 

Figure  2.  Fiber  Under  Uniaxial  Test 

Referring  to  Figure  2,  assume  that  a  uniaxial  test  is  lade  in  the 
direction  of  warp.  The  fibers  will  be  elongated  as  the  specimen  is  loaded. 
Also  assume  that  a  uniaxral  test  is  made  in  the  fill  direction  on  a  strip  as 
is  shown  in  Figure  3a  and  b. 


Figure  3.  Uniaxial  Test  in  Fill  Direction 
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The  same  load  will  cause  much  more  elongation  in  the  uniaxial  test 
because  the  fibers  must  be  straightened  before  significant  elongation  can 
occur.  This  explains  why  the  uniaxial  test  probably  shows  such  a  difference 
in  elongations  in  the  warp  and  the  fill  directions.*  The  different  stress  can 
probably  be  explained  by  the  different  concentration  of  fibers  in  the  fill  and 
the  warp  direction  since  the  material  of  the  fibers  is  the  same. 

Such  results  are  not  observed  in  a  biaxial  test  since  both  sets  of  fibers 
are  stressed  simultaneously,  and  neither  set  of  fibers  can  assume  a  straight 
line  position.  This  effect  may  also  introduce,  in  some  cases,  a  shortening 
of  the  original  length  of  the  test  cylinder.  This  effect  was  observed  in 
pressurization  tests  of  some  fabric  cylinders  when  a  shortening  in  the 
longitudinal  direction  rather  than  an  elongation  was  noted.  This  effect  was 
evident  when  the  warp  was  placed  in  the  longitudinal  direction. 

It  is  well  known  that  a  rod  loaded  simultaneously  with  an  axial  force 
and  a  shear  as  per  Figure  4  will  fail  at  a  lower  load  than  if  the  sanne  rod  is 
loaded  with  axial  load  only.,  The  failure  may  occur  either  in  tension  or  in 
shear,  depending  upon  the  loads  and  the  material. 


MOVING 


r  =  Shear  stress 


=  Ultimate  shear  stress  for  the  case«r=  O 


Since  the  fabric  is  stressed  in  two  perpendicular  directions,  the  fibers 
:n  both  directions  will  assume  some  deformed  shape  as  per  Figure  6.. 


Figure  6.:  Loading  on  Deformed  Fiber 


The  fibers  will  stay  deformed  and  the  tensile  force  causes  each  fiber 
to  exert  a  pressure,  R,  on  an  orthogonally  placed  fiber.  The  'oading,  R, 
will  induce  a  shear  as  is  shown  on  Figure  7. 

In  general,  the  cross  section  of  the  fiber  is  unknown,  but  it  'an  be 
approximated  by  assuming  that  a  uniform  pressure  results  from  R  as  is 
shown  on  Figure  6.  The  distribution  of  the  fibers  is  unknown,  too;  however, 
some  ideal  shape  and  distribution  may  be  assumed. 


-  690  - 


In  using  the  above  formulas  it  is  necessary  to  know  Dx,  D^,  /  and 
f  where  f  ,  and  I y  are  half  of  the  distance  between  the  center  lines  of  the 
fibers  in  ine  X  and  Y  directions..  The  fabric  consists  of  cloth  'overlaid  with 
coatings  as  per  Figure  9. 

> — COATING  TOP  4  BOTTOM 
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Therefore: 


2D  =  ut  =  0.  60  t 
D  =  0/ 30 1 

Ww  =  t>  T TZT  *  l-b1' 

The  horizontal  distance  L  between  the  center  line  of  the  fibers  will  be 
determined.  The  shortest  di  Jtance  is: 

L  =  D  =  0.  30t 

This  condition  corresponds  to  number  of  fibers  being 

°D— on— >  »  =  fgr-  • 

Therefore,  the  actual  distance  is 


L  =  Ljj  =  0.071  -i 
D  n  q 

or  if  expressed  in  general  in  terms  of  u  (rather  than  u  =  0.  6) 


and  consequently 


L  .  JZSL.  «  0.  2  A 

4fttt‘  V 


.  JL  .  u2! 

1  T  iuT 


(4) 


If  k  /  1,  that  means  more  layers  exist  and 


Iv  =  0.  1 


ut 

M 


(4a) 


Having  f  q  x  and  q" the  following  modification  also  applies: 


p  _  q*  p  _ 

p*  -  TT  ’  py  -  TT 
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Using  these  equations  the  critical  loads  can  be  predicted.  If,  as  a  result 
of  testing,  the  critical  stresses 


<rj  and  rj 


are  known  {<r  =  tensional  stress,  r  -  shear  stress),  it  can  be  determined 
with  help  of  interaction  curves,  whether  or  not  a  given  combination  of 
actual  stress  9  and  r  is  satisfactory.  The  corresponding  loadings  P  and  V 
may  be  considered  rather  than  9  and  r. 

A  typical  interaction  curve  is  given  on  Figure  5.  Assume  tnat  the 
interaction  curve  is  circular: 


(5) 

(6) 


TORSION 

Consider  an  internally  pressurised  cylinder  which  is  made  of  fabric 
as  per  Figure  iO. 


Figure  10.  Torsional  Test  Element 


A  rigid  bulkhead  is  uniformly  assumed  to  be  at  each  end  of  the 
cylinder  to  transmit  torsional  moment  into  the  skin.  Since  the  cylinder 
is  pressurized,  the  skin  will  be  stressed  in  the  longitudinal  and  the 
circumferential  directions. 


The  thickness,  t,  is  difficult  to  measure  for  the  fabric;  therefore,  it  is 
customary  to  work  with  the  running  loads 


q|  =  »jt,  qc  =  tfct  |  lbs /in.)  (7a) 

instead  of  wit^  or  ^  and  <rc- 

A  torsional  moment  T  (in  lbs)  is  applied  at  the  ends  of  the  cylinder. 

This  introduces  a  shear  stress  in  the  skin,  in  addition  to  the  original  q ^  and 
qc,  which  act  in  the  principal  directions  (directions  of  fibers) 

q  =  T  t  (  ibs/in.  ) 

where 

*  =  Shear  stress  in  psi 

Figure  11  shows  a  small  element,  stressed  with  q| ,  qc  andqr,  which 
is  in  equilibrium. 
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Figure  11.  Differential  Element  Under  Combined  Stresses 

The  maximum  amount  of  shear  which  c?n  be  added  can  be  determined 
by  using  Mohr's  circle.  Consequently,  the  maximum  permissible  torsional 
moment  T  which  will  cause  the  first  wrinkle  in  the  skin  can  be  found 
(Sf-e  Figure  ;2)., 


Figure  12.  State  of  Stresses  on  Element 


Since 


a  =  0. 750  pr. 

“m 

q  T  =  0.  707  pr.  (8) 

The  same  result  can  be  derived  from  the  "combined  action"  formula: 

<lj9c  =<1.2 

(f)p.  ■«.,* 

q  r  =  0.  707  pr. 


On  the  other  hand  it  is  noted  that 

q  =  —I—.  ;T=2t  r2q  . 

T  2 *rz  T 

By  using  equation  (8),  an  expression  can  be  developed  for  the  maximum 
torsional  moment  which  an  inflate'1  cylinder  tol-r  if  i!.  inf-atton  pressure 
is  p: 


max  T  =  4.  45  pr3  (9) 

The  following  general  formula  may  be  used  for  the  corresponding  rotation  of 
the  section 


8  = 


(10) 


Where  G*  =  Gt 

J  =  2  n  r3  (in.  3) 

G  =  Shear  modulus  (lbs/in.2) 

L  =  Length  of  cylindrical  element  (in.) 
t  =  Thickness  of  fabric  (in. ) 
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To  justify  the  formulas  derived  above  a  cylinder  i  23.  ?5  inches  clear  span 
between  rigid  bulkheads  was  tested. 


The  cylinder  was  pressurised  with  an  internal  pressure  of  2  psi. 
Then,  the  pressure  was  increased, to  5  psi;  and  torsional  moment,  T,  in 
increments  was  applied.  The  corresponding  rotations  were  measured. 
After  reaching  the  critical  value  of  torsion,  torsion  was  removed  and 
internal  pressure  was  increased  to  10  psL  Then,  the  cylinder  was  loaded 
in  a  similar  manner.  The  cylinder  was  tested  twice  in  torsion.  Table  3 
shows  the  sequence  of  loading.  All  deformations  and  corresponding 
diameters  were  measured.  The  cylinder  withstood  the  predicted  critical 
torsional  moments,  and  no  wrinkling  was  noted  because  of  considerable 
local  rigidity  of  the  cylinder  walla. 

Table  3.  Torsional  Test  Results 


Diameter  (inches) 

Applied 

Torsional  Moment 
(inch-lbs) 

Predicted  Values 

p 

psi 

Before  T 
was  applied 

After  T 
was  applied 

r 

inches 

Twr 
in.  -lba 

im 

5 

7500 

7.  52 

9450 

10 

15.  1 

15.  3 

15.  3 

7500 

7.63 

19800 

2 

15 

15.  2 

15.  5 

li 5  „ 

7500 

7.  80 

31700 

5 

10 

15.  8 

15.  3 

KB 

9450 

19800 

2 

15 

14.  V 

15.4 

mm 

19800 

The  following  phenomena  were  noted: 

1.  The  decrease  in  diameter  of  the  cylinder  was  negligible  under 
torsional  moment. 

2. ;  Under  constant  torsional  moment,  the  rotation  of  the  element 

continued  for  some  time.  This  indicates  that,  for  each  load,  a 
"lower"  and  "upper"  value  of  deformation  can  be  prescribed.  The 
"lower"  deformation  is  that  which  occurs  immediately  when  the 
corresponding  moment  is  applied.  The  "upper"  occurs  after  the 
load  is  held  constant  and  the  inflatable  member  reaches  equili¬ 
brium.  This  indicates  that  it  is  justifiable  to  introduce  time- 
variable  behavior. 

3.  After  removal  of  the  torsional  moment,  the  angle  of  deformation 
does  not  completely  disappear.  There  still  is  considerable 
permanent  set  remaining.  The  formula  given  previously  for  shear 
modulus  is  derived  by  averaging  the  angles  of  rotations.  Table  4 
shows  the  agreemjnt  between  predicted  values  and  actual  test 
values : 


Table  4.  Comparison  of  Predicted  and  Test  Values  for  G 


p 

Average  G  From  Test  (psi) 

Predicted  Value  of  G  (psi) 

1st  Loading 

2nd  Loading 

5 

5550 

4900 

5430 

10 

8850 

8000 

7950 

15 

9350 

9100 

9350 

BENDING 


Assume  that  a  long  circular  inflated  cylinder  with  constant  cross- 
section  is  simply  supported  at  the  ends  as  per  Figure  1 3.  The  end  bulkheads 
are  assumed  to  be  rigid  in  comparison  with  the  skin. 

After  application  of  a  bending  moment,  M,  at  the  ends  of  the  inflated 
cylinder  deflections  will  be  introduced  into  an  originally  straight  member. 
The  deflection  increases  with  the  applied  moment  until  the  first  wrinkle  in 
the  skin  occurs.  The  moment  which  theoretically  causes  the  first  wrinkle 
in  the  skin  concludes  the  so-called  prebuckling  stage  of  deformation  and  is 
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Figure  13.  Bending  Element 


indicated  with  Mwr.  This  moment,  however,  usually  does  not  cause  failure 
of  the  element  which  can  take  a  considerably  larger  moment,  po:  ibly  up 
to  It  is  safe,  however,  to  use  as  a  limiting  design  moment. 

Due  to  the  internal  pressure  the  skin  is  already  prestressed  before  the 
apolication  of  the  moment.  The  moment  increases  the  stress  by  the  value 


9 


M  =  ± 


M*  y 

~T~ 


Using  the  value  am  -  instead  of  s^j  and'the  value  I*  =  I/t  instead  of  I 

the  above  formula  is  rewritten  as 


M*  v  3 

qM  =  *  "pT  where  **  *=  mt 

The  internal  pressure  does  not  contribute  any  restoring  moment  but  simply 
stabilizes  the  membrane  walls.  All  fibers  remain  in  tension  in  the 
prebuckling  stage: 


at  top:  <lT  =  q|  +  *>M 

at  bottom:  =  *1|  *  qM 


The  following  condition  will  be  explored  to  determine  Mwr: 

r.r 

qB^i  -qM  =  ¥ - =0* 


sr 


This  leads  to 


Mwr  s  epr  12. 


(ID 
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This  is  the  moment  which  theoretically  causes  the  first  wrinkle.  Actually, 
the  skin  has  considerable  local  rigidity  and  will  sustain  some  compression 
stress  before  wrinkling.  The  first  visible  wrinkle  may  occur  at  a  moment 
M  i.  6Mwr.  The  deflection  may  be  calculated  in  the  prebuckling  stage 
according  to  usual  bending  theory  because  the  testa  showed  that  in  the 
prebuckling  stage  the  moment  of  inertia  !  remains  approximately  unchanged 
and  the  section  stays  approximately  circular.  Also,  the  change  of  internal 
pressure  due  to  bending  in  the  prebuckling  stage  is  negligible. 

Tests  were  performed  to  justify  the  above  formulas.  The  cylindrical 
test  element  has  the  following  characteristics: 

Material:  2  ply,  4.  8  oz.  ,  25  mil  thick  neoprene 

Modulus  of  elasticity:  E  is  1793  lbs/in.  {or  69000  psi) 

Approximate  thickness:  t  =  0.  026  inches 

ST- 

Fabrication  radius:  =  6.  7  inches  (at  2  psi  pressure) 

Theoretical  span:  148  inches 

Bending  tests  were  conducted  at  three  different  press-:,-*? s:  p  -  5, 

K-,  ana  15  psi.  i.-.c  moment  was  applied  at  each  end  on  metal  bulkheads 
with  an  eccentric  axial  load,  which  was  counterbalanced  by  an  additional 
concentric  axial  load.  In  each  case  the  element  was  loaded  in  bending  until 
excessively  large  deformations  occurred.  At  this  point  Lite  test  was  stopped 
to  avoid  the  possibility  of  damage  to  the  test  specimen.  Except  in  the  last 
case  (15  psi),  the  applied  moment  exceeded  the  theoretical  wrinkling 
moment.  In  the  tabulated  data  the  first  value  given  is  the  theoretical 
wrinkling  moment;  the  second  value  is  the  maximum  moment  applied  in  the 
test.  In  no  case  did  an  actual  wrinkle  occur;  therefore,  the  inflated  element 
is  capable  of  taking  at  least  the  calculated  moment  Mwr.  The  deflections 
were  in  fair  agreement  with  the  calculated  values. 


Table  5.  Bending  Test  Results 


0 

(psi) 

r 

(inches) 

W  =  ZBZl 

and  M»ctuai 

* 

i  =  *r't 

Deflections  (inches) 

Calculated 

Test  Results 

5 

7.52 

3,  350 

34.  7 

3.  82 

5,  100 

5.83 

5.93 

10 

7.  63 

7,000 

36.  4 

7,  64 

8,496 

9.  20 

8.  53 

IS 

7.  80 

11,250 

38.  7 

11.50 

10,  200 

10.  45 

10.46 

The  permanent  set  was  not  considerable;  the  "upper”  and  "lower"  deflec¬ 
tions  were  noted,  but  were  not  as  important  as  in  the  case  of  torsion. 
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AXIAL  LOADING  AND  "BEAM-COLUMN" 


For  discussion  purposes  consider  an  inflated  fabric  cylinder  with 
metallic  bulkheads.  The  cylinder  is  assumed  to  be  loaded  concentrically 
with  an  axial  compressive  load  P.  The  initial  imperfection  at  the  end  is 
indicated  by  e.  The  modulus  of  elasticity  Ef  only  will  be  considered 
because  Ec  probably  will  not  have  a  significant  influence  on  the  results. 


P 


Figure  14.  Column  Under  Axial  Compression 

Start  from  the  well  known  differential  equation  (Figure  14): 

Zl  =  -P(e  +  y)  . 
dx^ 

and  consider  that  zero  stress  in  the  skin  occurs  when: 


EJ 

Zt 


J&.  +-£_ 

*r2t 

This  indicates  that  the  moment  which  the  skin  can  carry  is: 

.2  p 


M  = 


wr‘ 


(pr 


*r 


) 
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or 


Mwr  *  f  <*^P  -P*Ct>  «»2> 

Solution  of  the  differential  equation  leads  to  the  well-known  equation  of 
Euler: 

PE  =  E  (13) 

This  means  that  as  long  as  the  wall  is  supported  by  internal  pressure,  it 
acts  as  a  thin- walled  tubular  column  and  the  Euler  equation  defines  the 
critical  buckling  load.  The  internal  pressure  required  to  stabilize  the  wall 
and  make  it  capable  of  taking  the  load  P  is  defined  by  the  following  equation: 


«r.  =  El  -  £  o 

*  2t  2»rt 


This  leads  to  "limiting  load"  P^  which  corresponds  to  condition,  <F|  -  0: 


Pt  =  »rco 


(14) 


The  limiting  load  does  not  depend  on  L  but  on  p  and  r,  only.  It  should  be 
noted  that  when  using  formulas  (13)  and  (14)  the  actual  value  of  the  radius, 
r,  should  be  used,  including  the  increase  in  radius  due  to  pressurization 
of  the  cylindrical  element.  Therefore,  for  certain  types  of  fabric  material, 
the  pressure  versus  elongation  curve  must  be  known  in  advance. 

The  load,  Pg,  is  independent  of  the  internal  pressure  but  limited  by 
Pl-  This  relation  can  be  shown  by  a  diagram  as  in  Figure  15  which  shows  a 
plot  of  L  versus  P. 

Also,  the  relation  of  p  versus  P  may  be  shown  with  diagram  as  per 
Figure  16. 

Other  relationships  which  exist  in  the  theory  of  stability  regarding  the 
fixity  of  supports  probably  are  valid  for  inflated  columns,  too.  Therefore, 
p£  should  be  multiplied  by  the  factor,  C,  which  depends  on  the  end-fixities. 
For  example: 

C  =  0.  25  for  column  with  one  end  fixed,  the  other  free 

C  =  1.  00  for  both  ends  hinged 

C  =  4,  00  for  both  ends  fixed 
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To  determine  the  critical  load  on  an  inflated  fabric  column  consider 
the  following  formulas: 

CPE  =  CE|  *3r3t/L2  and  PL  =  wrZp 
If  CPg<  PE  assume  PCJ.  =  CPg. 

It  CPE>  PL  assume  Pcf  =  PL  . 

For  verification  of  above  derivations  a  test  was  conducted  on  a  fabric 
cylinder  with  rigid  bulkheads  as  was  described  previously.  The  ends  were 
pinned.  The  test  was  performed  at  three  different  pressures.  The  follow* 
ing  schedule  gives  the  comparison  between  predicted  critical  loads  and  the 
test  results,- 

Table  6.  Column  Test  Results 


p 

r 

PE 

PL 

(psi) 

(inches) 

(lbs) 

(lbs) 

9SS0H 

Note: 

5 

7.  52 

1080 

885 

630 

600 

Computed  Pcr 
is  underlined 

13 

7.  63 

fill 

1825 

1117 

909 

Testing  was 

15 

7.  80 

B 

2860 

1180 

performed  twice 

Agreement  is  satisfactory  with  the  maximum  discrepancy  noted 
at  the  smaller  pressures. 

It  was  shown  that  the  internal  pressure  does  not  have  any  influence  on 
the  Euler  load  other  than  to  stabilize  the  walls  against  local  buckling  up  to  a 
certain  limit.  This  was  considered  by  introducing  the  limiting  load  Pj^. 

ThiB  leads  to  the  hypothesis  that  in  general  the  "beam-column"  theory  may 
be  applicable  to  inflated  members,  too,  with  slight  modifications..  Therefore, 
the  general  differential  equation  for  an  elastic  line  may  be  used  but  with 
limitation: 

M*SMwr,  (15) 


*2P  *  Pact> 

To  justify  this  equation  a  test  was  performed  at  three  pressures  on 
the  same  element  which  was  described  previously.  The  load  was  applied 
as  per  Figure  17. 

An  axial  load  of  400  lbs  was  selected  for  all  three  pressures. 

The  moment  was  applied  in  increments  until  M„r  was  reached.  Table  7 
presented  below  shows  the  predicted  and  actual  results  ferr  the  deflections. 


where 


El 


djy_  _ 

dx2 


\r  =  T  ^  m 


Table  7.  Beam  Column  Test  Results 


p 

(psi) 

Mwr 

(inch-lbs) 

Deflection  Predicted 
(inches) 

Deflection  Measured  (inches) 

Lower 

Upper 

5 

1840 

2.  20 

3.  8 

10 

5310 

5.  42 

5.9 

6.  8 

15 

9600 

V.  30 

9.  20 

9.  7 

It  is  noted  that  there  is  a  considerable  difference  between  the  "lower" 
and  "upper"  deflections..  Predicted  values  are  in  good  agreement  with  the 
measured  "lower"  values.  At  5  psi  the  "lower"  deflection  was  not  measured 
because  tins  tact  was  not  realized  at  this  time..  Since  M^  values  were 
exceeded  and  no  wrinkle  occurred,  the  predicted  values  of  the  moments  can 
be  considered  to  be  on  safe  side.. 

It  was  also  noted  in  the  axial  test  that  when  the  Euler  load  was 
reached,  immediate  collapse  occurred.  It  was  also  noted  In  the  bending 
test  that  the  first  wrinkle  did  not  occur  at  Mwr,  therefore  Mwr  hardly 
can  be  called  the  "critical  moment,  "  because  the  inflated  beam  probably 
can  take  much  more  moment.  The  present  case  (axial  load  with  bend¬ 
ing)  can  be  regarded  as  an  intermediate  case.  The  beam  can  take  more 
moment  than  Mwr,  but  not  as  much  as  in  the  case  of  pure  bending. 


EFFECT  Ol  DEGREE  OF  FIXITY  OF  SUPPORTS  ON  COLUMNS 


Usually  a  structure  does  not  consist  of  just  one  beam,  but  a  combina¬ 
tion  of  beams.  Some  of  the  beams  may  be  recognized  as  "primary, "  some 
as  "secondary,’  built  into  the  "primary"  system.  These  structures  are 
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more  complicated  thai  simple  beams,  and  additional  problems  are 
introduced,  such  as: 

,ii  .  Interaction  between  inflatable  beams  of  the  system  under  external 
loading.  This  requires  an  interaction  analysis. 

2)  Influence  of  fixities  of  supports  for  each  beam  on  deflections  and 
stresses.. 

3)  Design  of  junctions, 

4)  Behavior  of  inflated  cylinders  in  the  postbuckling  stage. 

This  study  is  of  primary  importance  because  if  the  design  of  a  complicated 
system  of  beams  is  based  on  the  appearance  somewhere  of  the  first  wrinkle, 
the  weakest  member  will  limit  die  whole  system  and  make  it  uneconomical. 

If,  on  the  other  hand,  a  wrinkle  can  be  allowed  to  occur  in  a  secondary 
member,  the  economy  of  the  whole  system  will  be  increased.  This  intro¬ 
duces  a  very  complex  set  of  problems  about  the  behavior  of  inflatable 
cylinders  in  the  postbuckling  stage. 

The  scope  of  this  publication  does  not  permit  trestmw*  -rf  -  7  - 
(j.o'oiems  .  1  ut  some  will  be  mentioned.  The  most  important  problem  is 
the  effect  of  end  fixity  of  the  columns. 

In  practice  the  ideal  hinge  or  ideal  fixed  support  does  not  occur. 
Usually,  the  actual  condition  at  the  support  is  somewhere  in  between  these 
ideal  cases.  The  critical  load  can  he  expressed  as: 

pcr  =  Cp£  •  06) 

When  the  load  P  reaches  the  critical  load  Pcr,  the  support  will  oppose  any 
rotation  of  the  ends  that  rnay  develop  and  keep  the  column  in  straight  shape. 
No  resistance  to  bending  is  given  by  simple  supports  (hinges)  and  for  this 
case  the  column  will  bend  without  end  resistance. 

The  ideally  fixed  support  provides  resistance  to  bending.  The  reactive 
moment  developed  at  the  ends  of  the  column  which  oppose  bending  can  be 
expressed  as  * 1 


M  =  kg 


<17) 


where  M  =  Moment 

k  -  Coefficient  of  proportionality 
f  -  Inclination  angle. 
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The  coefficient  of  proportionality,  k,  is  a  spring  constant  of  the  support  in 
in.  lbs/ rad.  For  simple  supported  ends  k  =  0  and  C  =  1.  For  ideally  fixed 
ends  k  and  C  =  4.  For  elastically  fixed  supports,  k  usually  can  be 
calculated  or  estimated.  It  is  possible  to  derive  the  relation  between  k  and 
C,  which  leads  directly  to  a  determination  of  Pcr  for  elastically  supported 
columns..  Assume  that  the  column  is  loaded  with  an  axial  load  P  -  Pcr 
and  is  in  a  deflected  equilibrium  shape.  It  is  assumed  that  a  reacting 
moment  is  applied  at  the  ends  of  the  column  and  tends  to  return  the  deflected 
column  to  previous  straight  equilibrium  configuration.  This  moment  is 
indicated  by  M  =  k#  as  shown  in  Figure  18. 


For  any  value  x,  the  expressions  for  Mx  and  deflection  y  can 

hf*  writtPn* 

d2v 

Mx  =  -Py  +  k#  =  EX  =-f- 
dx'" 


Solution  of  this  differential  equation  leads  to  a  mathematical  expression 
for  k: 


and  finally  the  relation  between  k  and  C  is: 

pfr  =7  \[c'  Cot(T'/c’>  <l9) 

This  relation  can  be  shown  graphically  as  in  Figure  19  in  which  C  is  given 
as  a  function  of  k/Pjj, 


6?8 


9I!3«5»7< 


Figure  19.  Determination  of  C-Factor 


This  permits  the  finding  of  Pcr  -  CPg  for  any  elastically  fixed  column, 
provided  the  degree  of  fixity  on  each  support  is  the  same. 


Figure  20.  Various  Fixity  Cases 


Referring  to  Figure  20,  it  is  known  that  for  case  (a)  the  critical  load 
will  be  the  Euler  load.  It  is  also  known  that  for  case  (b)  the  critical  load 
will  be  the  Euler  load  for  the  same  column,  except  that  I  is  replaced  by  ~£, 
the  distance  between  inflection  points  which  are  indicated  by  circles  on  Z 
Figure  20. 


P„  =  4 
cr 


w  2E1 

I2 
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Similarly,  the  column  shown  under  (c)  is  equivalent  to  the  column  with 
pinned  ends  of  the  length  0.  71  # 

*2£1 

Pcr,2.04—  • 


Therefore,  any  column  with  know  end  fixities  per  nits  the  determination  of 
the  length  between  inflection  points,  which  can  be  designated  with  The 
critical  load  for  the  column  is: 


cr 


From  Figure  20  it  is  evident  that: 

If  to  fixity  as  per  (a)  corresponds  I j  =  y  =  ~ 

audio  fixity  as  per  (b)  corresponds  11  =  £  =  — 

*■  -  n  2 


then  to  "mixed"  fixity,  as  per  (c)  will  correspond 


<3* 


1  _1_ 
1.  43  ”  nj 


where 


But 


Consequently 


n3 


-  nl-l.n-2. 
‘  2.  1 


•  ?  El  ft 2  El 

■t  -  C  , 

(IT  /2 


I 

n 


n  ->fc  . 


Therefore,  if  the  column  is  supported  so  that  each  support  has  a 
different  fixity,  then  for  each  fixity  (1)  and  (2)  there  is  a  corresponding 
Cj  and  C2.  Then: 


n 


Ri  +  n2 

2.  1 


or 


Vc  = 


2.  i 


^effective  =  227  (^1  +  c2  +  2>/C  j  C^) . 


(20) 
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For  example  for  the  column  as  per  {c) 

Cefl.  *  ZZ1  i1  ~  4  T  2VTxT)  =  04 

This  approximate  formula  permits  analysis  of  columns  with  different 
fixities  which  may  be  very  helpful  for  a  designer.  For  the  extreme  case 
represented  by  Cj  ^  C2  -  4,  C  =  3.  6  <4  is  obtained;  for  another  extreme 
case  represented  by  Cj  =  C?  =  1.,  C  -  0.  91<1  is  o  stained.  In  both  extreme 
cases  the  coefficient  obtained  is  10%  conservative,  but  this  is  the  maximum 
possible  deviation. 


CONC1  UDING  REMARKS 


In  this  paper  a  preliminary  and  approximate  procedure  was  presented 
for  analysis  of  inflatable  cylinders  under  various  loadings,  which  should  be 
of  some  help  to  the  design  engineer,  it  is  hoped  that  the  procedure  can  be 
improved  when  more  tes'  results  1  ill  be  available.. 
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Study  of  the  Memory  Effect  of  Polyethylene  for  Space 
Expandable  Structure  Applications* 

George  Odiar.**  and  Bruce  S.  Bernstein,  Radiation  Applications 
Incorporated,  Long  Island  City  1,  New  York 


ABSTRACT 


The  memory  effect  of  irradiated  polymers  involves  the 
ability  of  a  formed  object  to  return  to  its  original  shape 
merely  by  heating,  after  it  has  been  heated  above  ambient, 
deformed  and  cooled  in  the  deformed  shape.  This  novel  phenome¬ 
non  has  high  potential  utility  in  space  expandable  applications. 
The  parameters  controlling  the  minimum  restoration  temperature, 
degree  of  restoration  and  restoring  force  have  been  studied 
with  consideration  of  the  technique  for  expansion  of  objects  in 
space.  Polyethylene  has  been  studied  although  the  process  is 
applicable  to  many  polymers.  The  minimum  restoration  tempera¬ 
ture  is  controlled  by  the  inherent  polymer  composition  and 
nature.  The  degree  of  restoration  1b  controlled  by  the  resto¬ 
ration  temperature  and  by  the  deformation  conditions.  The 
restoring  force  is  controlled  by  the  deformation  conditions 
and  the  radiation  dose. 

INTRODUCTION 


Project  ECHO  has  involved  the  launching  into  space  of  a 
compactly  folded,  aluminum-coated  plastic  which,  after  being 
sent  aloft,  opens  into  a  sphere  which  is  then  employed  as  a 
passive  communications  satellite.  The  folded,  balloon-like 
structure,  is  induced  to  open  by  the  sublimation  of  an 
organic  solid  material  under  the  vacuum  conditions  of  high 
altitude  (ca.  1000  miles).  The  projected  diameter  of  ECHO  I, 
after  expansion,  was  100  feet,  and  of  ECHO  II  is  135  feet. 
The  former  employed  a  mixture  of  benzoic  acid  and  anthra- 
quinone  as  the  sublimating  solid3,  while  the  latter,  to  be 
launched  later  in  1963,  will  employ  acetamide  (ref.  1). 

ECHO  I  was  composed  of  0.5  mil  thick  mylar  covered  by  a 
layer  of  aluminum  2  x  10~^  cm.  thick,  ECHO  II  Is  composed  of 
0.35  mil  thick  mylar  sandwiched  between  two  0.18  mil  thick 
layers  of  aluminum  foil.  The  balloon  is  carefully  folded  on 

*  "  Sponsored  by  tW  National  Aeronautics  and  Space 
Administration  under  Contract  NASr-78 

**  Present  address:  Radiation  Chemistry  Research  Oroup, 

Department  of  Chemical  Engineering,  Columbia  University, 
New  York  27,  N.Y. 
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Earth  and  placed  into  a  36  inch  long  magnesium  alloy  con¬ 
tainer  which  is  caused  to  open  ai,  a  predetermined  height.  The 
polymeric  balloon  is  released  and  the  organic  chemicals,  dis¬ 
persed  throughout  the  folds  as  a  powder,  volatilize  upon 
being  subjected  to  the  sudden  vacuum.  Release  of  the  gases 
causes  the  balloon  to  expand. 

One  of  the  many  problems  associated  with  such  a  venture 
involves  the  heavy  payload  required  to  be  sent  aloft  (ECHO  1 
weighed  135  lbs.  and  ECHO  II  will  weigh  500  lbs.).  In  ad¬ 
dition,  the  required  sublimating  solid  adds  to  the  total 
launch  weight.  One  method  of  weight  savings  has  involved  the 
etching  of  holes  in  the  aluminum  coating*  This  produces  a 
grid-like  structure,  rather  than  a  continuous  one,  but  does 
not  affect  the  satellite’s  ability  to  serve  as  a  radio  wave 
reflector.  Another  problem,  which  developed  as  a  result  of 
the  ECHO  I  experiment,  involved  the  wrinkling  of  the  skin  of 
the  satellite,  prooably  by  the  pressure  of  solar  energy.  The 
external  forces  causing  this  wrinkling  of  the  exposed  portion 
of  the  polymer  are  due  primarily  to  radiation  pressure  and 
stagnation  pressure  (ref.  2).  The  wrinkling  problem  in 
ECHO  II  was  minimized  by  employing  the  aluminized  laminated 
structure  that  avoided  any  exposure  of  polymer.  Although 
wrinkling  was  prevented,  the  weight  was  Increased  conaJder- 
ably. 

In  theory,  an  ideal  approach  to  solving  the  weight  and 
solar  pressure  problems  (for  any  object  to  be  expanded  in 
space),  is  one  where  the  polymer  could  expand  without  the 
aid  of  any  sublimating  solids,  and  additionally,  where  the 
polymer  Itself  could  be  grid-like  in  nature.  The  weight 
i-equirements  would,  the ref c re,  be  at  an  absolute  minimum. 

This  approach  means  that  the  entire  satellite  would  be  non- 
continuous  in  nature. 

Such  an  accomplishment  would  be  impossible  with  the 
preccu'v  approach.  However,  one  way  does  exist  to  bring  this 
about.  It  Involves  the  well  known,  but  little  studied, 
memory  effect  of  polymers. 

MEE&RY  EFFECT 


The  memory  effect  has  been  referred  to  brief 3 y  in  the 
literature  with  reference  to  polyethylene  (refs,  3-5) •  When 
polyethylene  is  irradiated  (crosslinked)  and  heated  to  a 
temperature  above  its  normal  melting  point  (Tm),  It  will  no 
longer  melt.  It  can,  however,  be  deformed,  and  If  cooled  in 
the  deformed  state,  will  maintain  the  new  shape,  A  second 
heat  treatment  will  cause  the  polyethylene  to  return  to  its 
original  state.  The  return  of  the  polyethylene  to  is  original 
shape,  after  being  deformed,  is  called  the  "memory"  effect. 
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It  13  apparent  that  the  memory  effect.  If  it  could  be 
applied  co  a  passi%'e  communications  {satellite,  would  solve 
the  problems  due  to  heavy  payload  and  colar  pressure.  The 
polymer  could  be  prepared  as  a  grid-lilce  structure,  coated 
or  laminated  with  the  thin  aluminum  layer,  h.ated,  and  de¬ 
formed  by  folding  compactly  on  Earth,  It  would  then  be 
sent  aloft  and  released  into  the  vacuum  of  space.  Expansion 
in  space  would  be  akin  to  the  occurrence  of  memory.  Heat 
for  expansion  to  occur  would  be  obtained  from  the  sun.  It 
is  further  apparent  that  this  approach  would  allow  the  ex¬ 
pansion  of  any  shaped  object,  not  necessarily  spherical 
ones. 


Very  little  data  on  the  memory  effect  of  polymers  is 
available  and  direct  application  of  the  phenomenon  to  this 
problem  has  not  been  possible,  A  fundamental  study  has  been 
required.  Such  a  study  was  sponsored  by  NASA,  Among  the 
questions  to  be  answered  from  this  study  were  the  following: 

(a)  What  is  the  minimum  restoration  temperature  (MRT) 
that  Is  required  for  memory  to  occur? 

(b)  What  parameters  control  the  degree  of  restoration 
of  the  polymer,  and  what  is  their  relative  importance? 

(c)  What  is  the  magnitude  of  the  restoring  force,  and 
can  it  be  controlled? 

(d)  Is  radiation  necessary  for  the  memory  effect,  or 
can  memory  be  Induced  in  polymers  without  the  necessity 
of  crosslinking? 

It  Is  with  this  purpose  In  mind  that  the  fundamental 
study  of  the  memory  effect  of  polyethylene  was  undertaken. 

PARAMETERS  FOR  STUDY 


The  memory  effect  was  studied  by  (a)  subjecting  standard 
sized  specimens  to  radiation,  (b)  heating  them  in  an  oil  bath, 
(c)  deforming  by  folding  in  half,  (d)  cooling,  and  (e)  allow¬ 
ing  them  to  restore  (i.e,,  exhibit  their  memory).  Three  major 
sets  of  information  were  sought:  (l)  the  minimum  temperature 
for  complete  restoration  (MRT),  (2)  the  degree  of  restoration, 
and  (3)  the  restoring  force  as  a  function  of  various  parameters. 

These  three  functions  were  studied  by  controlling  the 
five  parameters  listed  above: 

(a)  Radiation  dose  was  varied;  unirradiated  specimens  were 
also  tested. 

(b)  Conditions  of  heating  prior  to  actually  deforming  were 
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varied.  These  were  called  the  deformation  conditions,  and 
involved  the  temperature  of  the  deformation  hath  and  the  time 
Interval  the  specimen  was  in  the  bath. 

(c)  The  type  of  deformation  to  be  discussed  here  was  per¬ 
formed  only  by  folding  in  half  and  therefore  is  constant. 

(d)  Cooling  conditions  (slow  or  rapid)  after  the  per¬ 
formance  of  the  deformation  were  varied , 

(e)  Restoration  was  varied  in  the  same  manner  as  the 
deformation  conditions;  by  varying  the  temperature  in  the 
bath  and  the  time  interval  Involved, 

In  actuality,  for  simplification,  the  time  Interval 
prior  to  deformation  and  during  restoration  was  kept  constant; 
only  the  deformation  temperature  and  restoration  temperature 
were  of  importance. 

EXPERIMENTAL  METHODS 


The  minimum  restoration  temperature  was  studied  by  vary¬ 
ing  the  restoration  temperature  (step  e)  and  visually  ob¬ 
serving  when  complete  restoration  occurred. 

The  degree  of  restoration  was  studied  by  means  of  an 
angle  measurement.  After  steps  (a),  (b)  and  (c)  were  per¬ 
formed,  step  (d)  was  allowed  to  take  place  with  the  folded 
specimen  being  placed  next  to  a  protractor  (Figure  l).  The 
percent  restoration  in  terms  of  an  angle  could  be  ascertained. 

The  restoring  force  was  measured  by  determining  the 
ability  of  the  deformed  specimen  to  move  a  mass.  After  steps 
(a),  (b)  and  (u)  were  performed,  lead  masses  were  placed  on 
the  polymer  and  its  ability  to  restore  (step  d)  with  the  mass 
on  it  was  measured  (Figure  2).  In  practice,  the  maximum  mass 
moved  and  the  minimum  mass  not  moved  were  both  determined 
(to  within  10#  of  each  otner). 

The  large  majority  of  experiments  was  performed  with  a 
single  polyethylene  grade  (Grex  50-050),  and  the  effect  of 
all  the  above  parameters  was  obtained  employing  this  polymer. 
Other  polyethylene  grades  were  employed  to  determine  the 
effect  of  polymer  molecular  weight  and  density  on  the  MKT, 
degree  of  restoration,  and  restoring  force, 

RESULTS  AND  DISCUSSION 


This  study  of  the  parameters  that  control  the  poly¬ 
ethylene  memory  phenomena  indicated  the  following: 

1.  Minimum  Restoration  Temperature:  This  temperature. 
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for  irradiated  polyethylene.,  ia  the  normal  melting  tempera¬ 
ture  (Tm)  of  the  unlrradj  d.«d  rolymer.  Since  the  Tm  of  un¬ 
irradiated  low  density  polyethylene  ie  ca.  105°C.  and  of 
unirradiated  high  density  polyethylene  is  ca.  125-130°C,, 
these  are  the  minimum  temperatures  required  for  complete 
restoration.  Aside  from  the  requirement  of  a  minimum  radi¬ 
ation  dose  of  5-10  Mrads,  the  MRT  is  independent  of  all  other 
parame ters, 

Crosslinked  polyethylene  copolymers  with  ethyl  acrylate 
or  vinyl  acetate,  which  exhibit  lower  Tffi  values,  exhibit 
lower  MRT  values.  Crosslinked  polypropylene  exhibits  its 
MRT  at  ca.  180OC.  Therefore,  to  apply  the  memory  effect  to 
expansion  in  space  applications,  the  restoration  temperature 
required  can  be  controlled  by  proper  choice  of  polymer  compo¬ 
sition.  Radiation  treatment  to  induce  crosslinking  is  all 
that  would  be  further  required  to  impart  the  ability  to 
restore  (memory). 

2.  Degree  of  Restoration:  The  degree  of  restoration  is 
controlled  primarily  by  the  restoration  temperature.  As 
indicated  above,  this  value  must  be  at  least  as  high  as  the 
normal  Tm  of  the  polymer.  Under  these  conditions,  the  radi¬ 
ation  dose,  deformation  temperature  and  quenching  conditions 
after  deformation  are  not  factors  in  the  quantitative  degree 
of  memory. 

The  restoration  behavior  of  polyethylene  is  quite  complex 
if  restoration  temperatures  below  the  normal  crystalline 
melting  point  are  employed.  The  degree  of  restoration  is,  then, 
not  complete,  but  decreases  with  decreasing  restoration  tempera¬ 
ture  (see  Figure  3).  However,  the  overall  behavior  is  inti¬ 
mately  related  to  the  deformation  temperature.  At  any  spe¬ 
cific  restoration  temperature,  lower  deformation  temperature 
causes  a  greater  degree  of  restoration. 

The  exact  reasons  for  this  behavior  are  beyond  the  scope 
of  this  article,  and  discussed  elsewhere  (ref.  6).  However, 
it  can  be  pointed  out  that  when  deformation  is  performed 
below  Tm,  the  overall  quantity  of  melted  and  recrystallized 
regions  present  is  less  than  if  the  T-  had  been  attained. 

This  m  :ans  that  the  ability  to  prevent  restoration  is  reduced, 
since  unmelted  crystalline  regions  do  not  act  ix.  '  Is  manner. 
This  further  implies  that  the  lower  the  deformation  tempera¬ 
ture,  the  greater  the  degree  of  memory,  which  is  the  observed 
phenomenon. 

A  further  observation  was  that  the  onset  of  restoration 
occurs  more  rapidly  as  the  deformation  temperature  is  lowered. 

Applying  this  knowledge  to  expansion  in  space,  it  is 
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Figure  3  RESTORATION  TEMPERATURE  EFFECT  ON  THE  DBORBE  OF  RESTORATION 


evident  that  a  variety  of  potential  approaches  become  avail¬ 
able.  The  onset  of  memory  and  the  total  extent  of  memory 
that  occurs,  can  be  detennined  by  controlling  various  parame¬ 
ters  on  earth  prior  to  launching  into  orbit.  These  parame¬ 
ters  are  the  polymer  nature,  radiation  dose  and  deformation 
conditions.  — 

3.  Restoring  Force:  The  restoring  force  is  controlled 
primarily "by  the  deformation  temperature,  specimen  thickness 
and  the  radiation  dose.  No  other  factors  are  of  signifi¬ 
cance  . 


The  restoring  force  increases  with  decreasing  defor¬ 
mation  temperature  (see  Figure  4).  The  reasons  for  this 
are  the  same  as  those  that  explain  the  deformation  tempera¬ 
ture  effect  on  the  degree  of  memory.  The  restoring  force 
also  increases  with  increasing  thickness  (see  Figure  5)  and 
radiation  dose  (see  Figure  6).  As  a  semi-quantitative 
estimate  of  the  forces  Involved,  1  cm.  x  7  .Tn.  x  0.127  cm* 
specimen,  folded  as  described  above,  exhibits  a  restoring 
moment  of  ca.  300  ©n.-cm.  These  forces,  in  this  thickness 
range,  (0.05-0.20  cm.)  increase- linearly  with  the  square 
of  the  thickness  (Figure  5).  The  restoring  forces  also  in¬ 
crease  with  Increasing  polymer  density  and  molecular  weight. 

CONCLUSIONS 

From  the  above  discussion,  it  is  apparent  that  the  poly¬ 
ethylene  memory  effect  is,  indeed,  a  complex  phenomenon. 

The  minimum  restoration  temperature  is  a  function  of  the 
polymer  na  a*e.  The  parameter  that  controls  the  degree  of 
restoration  is  the  restoration  temperature,  although  a 
minimum  radiation  dose  is  required.  The  parameters  that 
control  the  restoring  force  are  primarily  the  deformation 
conditions,  thickness  and  radiation  dose.  Complete  memory 
can  be  brought  about  only  by  heating  to  a  temperature  equal 
to  or  greater  than  the  point  at  which  the  polymer  ceases  to 
remain  crystalline.  Maximum  restoring  force  can  be  Induced 
by  employing  low  deformation  temperatures,  high  radiation 
dose  and  thicker  films.  However,  limitations  exist  in 
space  expandable  applications  to  pH  these  aspects.  If  the 
deformation  temperature  is  too  low,  memory  will  not  be 
locked  in  and  restoration  will  occur  too  rapidly;  too  high 
a  radiation  dose  induces  brittleness  in  the  polymer;  too 
thick  a  polymer  brings  about  weight  problems,  which  «iiis 
approach  designed  to  eliminate.  A  proper  balance  of  the 
requirements  must  be  obtained.  It  is  apparent,  however, 
that  the  technique,  as  shown  by  this  exploratory  study,  is 
applicable  for  space  expandable  structures.  It  is  also 
important  to  note  that  different  polymers  crosslink  with 
different  proficiencies  when  subjected  to  irradiation. 
Polyethylene  crosslinks  rather  well,  but  polyisobutylene 
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cr  polymethyl  i  «t  •>  >,.*  ,  ,  ; 

crosslink.  Th  j  •  r 

certain  additl  ;e.  •  Me  » 

the  normal  ten  ur  .  >  * 

be  reversed,  hi.  ,  at,  approu^i:  has  bt-.i  ">tidie: 

in  detail  ^  F  I  (rei.  7),  Thus,  applicability  i  •  c 
memory  effect  10  a  wide  variety  of  polymers  is  ,  t.-. 

As  a  pssi.  t  of  ovr  study,  ■.  ik  Vff  approach  *  -'ari 
obtaining  apa»  expandable  st tmcturcb,  of  any  naj 

been  investigi  ,-ed.  A  new  method  for  obtaining  vclgh' 
savings  upon  aunchinr  is  poartbls  .  Further  in  light  intc 
the  memory  ef  cat  of  polymers,  with  particular  ’efer-.nce 
space  expanda  In  applications,  has  been  brought  a boo  . 
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